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Summary
Flow chemistry and continuous processing techniques are now frequently used in synthetic
laboratories, taking advantage of the ability to contain reactive or hazardous intermediates
and to perform moderate scale-up processes for important compounds. However, only
a limited number of methods and tools for connecting flow synthesis steps into a single
protocol have been described, and as a result manual interventions are frequently required
between consecutive stages.
There are two main challenges to overcome. Work-up operations such as solvent extractions
and filtrations are invariably needed to ensure high purity of the intermediates. Solutions
for achieving this are well established within industrial facilities for continuous production,
but adapting such machinery for laboratory use is rarely straightforward. Secondly, the
combination of multiple steps tends to result in a more elaborate reactor configuration.
The control procedures required to achieve optimum performance may then be beyond
the capabilities of a single researcher. Computer control and remote monitoring can help
to make such experiments more practical; but commercially-available systems are often
highly specialised, and purpose-built at high cost for a particular system, and so are not
suitable for laboratory scientists to use routinely.
This work describes the development of software tools to enable rapid prototyping of control
systems that can integrate multiple instruments and devices (in Chapter 2). These are applied
to three multi-step synthesis projects, which also make use of enabling technologies such
as heterogeneous reagents and in-line work-up techniques so that material can be passed
directly from one stage to the next:
In Chapter 1, a series of analogues of a precursor to imatinib, a tyrosine kinase inhibitor
used for the treatment of chronic myeloid leukaemia, are prepared. A “catch-react-release”
technique for solid-phase synthesis is used, with computer-controlled operation of the
reactors.
In Chapter 3, a two-step procedure for the synthesis of piperazine-2-carboxamide, a valuable
3D building block, is developed. A computer control system enabled extended running and
the integration of several machines to perform optimisation experiments.
In Chapter 4, improvements to the continuous synthesis of 2-aminoadamantane-2-carboxylic
acid are discussed. This includes an integrated sequence of three reactions and three work-
up operations.
iv
The final chapter describes a project to evaluate the application of control techniques to a
medicinal chemistry project. New ligands for BRD9 and CECR2, proteins involved in the
recognition of acetylated histone proteins, are produced. A number of triazolopyridazine
compounds were synthesised and tested using a number of assay techniques, including a
frontal-affinity chromatography system under development within our group. Pleasingly,
the qualitative FAC data showed a good correlation with biological assessments made using
established assay techniques. Further work using the FAC method is ongoing.
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1
2 Introduction
Automation in Synthesis
Automation has had a significant impact on many different industries since the mid 20th
century. Robots of all sizes and specifications are installed in factories to perform tasks that
are routine, or too difficult or strenuous for a person to do unassisted, and allowing 24 hour
working with a smaller manpower requirement.
In a research laboratory, automation refers to the use of computers or micro-controllers
to interact with equipment to perform tasks that the researchers would otherwise have to
do manually. There are a number of tasks that already routinely benefit from automation.
Repetitive tasks such as injecting HPLC samples or making serial dilutions of samples for
biological assays can be performed by laboratory robots, though these are often highly
engineered for a particular application and very expensive. In-situ analytical equipment can
collect more data about experiments than may be possible with manual observations alone,
and digital data collection is often more accurate than manual observations, and can be run
indefinitely, without breaks. In general, the use of automation can produce better data, and
give researchers more time to do less mundane tasks.
In the context of synthetic chemistry, automation is typically associated with combinatorial
chemistry.1,2 This involves repetition of simple synthetic steps to produce huge numbers of
building blocks or compounds for biological analysis. The problem was that by creating
large numbers of compounds using only a small number of reactions, the size of the
chemical space that was explored turned out to be relatively limited, and highly dependent
on the availability of different starting materials. Combinatorial chemistry went through a
phase of popularity in the 1980s and 1990s before falling out of favour having not produced
significant results.3,4 However, modern concepts such as diversity-oriented synthesis5 may
offer new targets for automated synthesis platforms.
There are a number of potential benefits to automating the control of synthetic procedures.
The key is that the focus should be on improving the quality of individual reactions rather
than the quantity of reactions that are performed. Computers and robots can enable scientists
to accomplish more complex tasks more easily than if they were done manually, and by
delegating routine work to automated systems skilled chemists can be freed to do more
important tasks. There may also be an improvement in the reporting and reproducibility
of experiments: by consistent recording of the reaction parameters (such as the amount of
reagents used, the timing of their addition, temperatures and heating times), and by accurate
measurements and recording of data collected during an experiment, reactions in the lab of
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the future could be made more reproducible and the results even more useful.6 As a result,
the quality of the data reported in the literature would only improve.7,8
The use of automated platforms could provide other benefits as well. Disconnecting the
scientist from the manual aspects of a reaction means that hazardous materials could be used
more safely. Chemists could run reactions from a different room, or even from different
institutions or countries, providing global access to key facilities.
Flow Chemistry
Flow chemistry commonly refers to the continuous processing of chemical reagents within
small tubes or channels. In conventional batch-mode chemistry, many addition, mixing
and reacting operations for one reaction may be performed in the same vessel. By contrast,
in a flow chemistry system the reagents are delivered continuously by pumping devices;
multiple streams are mixed and then allowed to react in tube or column reactors which may
be heated, cooled or irradiated to provide the desired reaction conditions. Reaction times
are determined by the reactor volume and the flow rate, and reaction scale by the duration
of operation.
The history of flow chemistry is rooted in the continuous processing of petrochemicals.
The volume of material handled in processes such as cracking and refining are so large that
batch methods would be impractical and economic due to the number of manual operations
that would be needed. Early examples of continuous manufacturing of bulk chemicals
includes the processes for producing ammonia9 and sulfuric acid,10 where the economies
of scale again made continuous processing an ideal tool. The use of continuous methods
for fine chemicals manufacture originated as a means for process intensification,11 intended
to reduce the footprint and manpower requirements of a manufacturing plant, and also to
improve safety, energy efficiency and environmental-friendliness.12 However, the speciality
chemicals and pharmaceuticals sectors have been slow to adopt continuous manufacturing,
primarily as a result of having much smaller production volumes and a large amount of
sunken capital in batch reactor equipment. Work within academic laboratories may lead to
the development of new methods and processes that will encourage further uptake of flow
technology by enabling new or hazardous reactivity to be exploited under a continuous
regime.
4 Introduction
Flow reactors are often considered to have a number of advantages over batch-mode
reaction vessels. With appropriate static or dynamic mixers, the concentration profile can
be controlled predictably; if the mixing is very efficient then remarkable improvements in
reaction times can be observed for some transformations.13,14 In-line heterogeneous reagent
or catalyst cartridges (containing either inorganic or polymeric reagents) can perform
chemical transformations with little or no purification requirement.15 Addition of further
reagent streams can enable direct quenching or use of reactive intermediates, leading to
improved synthetic efficiency and consistency. The large surface area to volume ratio
of a flow reactor can allow precise temperature control, extreme conditions and rapid
temperature changes,14 as well as safe containment of exothemic events.16 Factors such
as mixing and heat transfer are critical parameters when scaling a reaction; in a flow
reactor these are independent of the amount of material that is to be processed. Combined
with a small reaction volume (1 – 20 mL) compared to standard batch apparatus (10 –
500 mL), continuous processing can deliver significant improvements in the safety of
hazardous transformations.16–19 For example, hydrogenation reactions are increasingly
being performed in much smaller, safer continuous flow reactors instead of in batch
hydrogenators that had to be housed in concrete bunkers to shield against catastrophic
explosions.20,21
There are of course some disadvantages that must be kept in mind when using flow
reactors.22 They are by their nature much more complex than a flask, and many of the
devices currently available are very susceptible to blockage or disablement by solids that
form during the reaction. Flow reactions operate most consistently at steady state, and
this is only attained after a period of time that is dependent on the reactor’s volume, so
a b c
Figure 1 Some of the commercially available flow chemistry systems. (a) Vapourtec
R2+/R4. (b) Uniqsis FlowSyn. (c) Syrris Asia.
Automation in Flow Chemistry 5
are often inappropriate for running large numbers of small-scale reactions. In this regard,
they are much less flexible than batch chemistry apparatus: frequently the reactor must
be reconfigured to perform different reactions, meaning that a significant time investment
is required for each new procedure. This is another reason why the uptake of continuous
manufacturing has been slow in the speciality chemicals and pharmaceuticals sectors.
Even so, there are a large number of applications for which continuous processing tech-
niques are highly effective. For this reason, flow synthesis has become increasingly popular
over the past decade.23
Whilst flow reactions can be performed using any appropriate pumping and heating
equipment, many researchers choose to employ commercial reactor platforms such as
the Vapourtec R2+/R4, Uniqsis FlowSyn, or Syrris Asia systems which are used within
our own laboratory (Figure 1). These systems contain pumps, switching valves and heaters
within a conveniently integrated unit, and provide software tools to run computer-controlled
experiments.
Automation in Flow Chemistry
Using these systems, our group and others have reported numerous applications of auto-
mated flow chemistry technology to combinatorial chemistry activities.23,24 By utilising
tools such as polymer-supported reagents and scavengers,25 the desired compounds can be
collected in very high purity with little or no purification.
Perhaps as a direct result of these early projects, the control software packages provided
with commercial flow chemistry platforms tend to be designed for exactly this kind of
a b
Figure 2 (a) Fluidic configuration using Vapourtec Flow Commander. (b) Choosing
experiments using Vapourtec Flow Commander.
6 Introduction
procedure. A fluidic configuration can be programmed in, and then long lists of identical
reactions using different starting materials can be run with the aid of a liquid handler
(Figure 2). In this regard, commercial flow chemistry equipment offers good tools for
starting automation of synthesis within the laboratory. The in-built computer connections
mean that the apparatus is ready to automate without significant additional engineering
effort.
If control and monitoring tools are applied to laboratory platforms then the process of
scaling reactions may become even easier. If a synthesis system can be left under computer
control then it can be run for a long time without active observation, enabling moderate
scale-up operations to be performed within the research laboratory itself.
Objectives
Until recently, programming skills have tended to be limited to specialists. However, with
the increasing pervasiveness of the internet connectivity, and concepts such as the “internet
of things”, there is much greater interest in the use of computers to influence the physical
world around us.26 In the United Kingdom, the school curriculum is being updated to
cultivate software creation as well as more traditional ICT skills.27 This is in part aided
by organisations such as the Raspberry Pi foundation,28 whose devices were designed to
provide affordable computer systems for everyone. This may result in a greater number of
scientists wanting to run experiments under computer control.
Flow chemistry can provide access to new reactive windows and easier scalability of
synthetic processes. However, most reported flow procedures consist of a single step,
and to our knowledge very few true multi-step flow syntheses have been described in the
literature.23 One reason for this is that the orchestration of the many devices required for an
integrated system is very difficult. Computer control and automation can provide the means
to do this, but is currently a relatively unexplored aspect of laboratory flow chemistry, since
commercial control system software does not tend to offer a level of flexibility appropriate
for discovery workflows. The objective of this project was to apply or develop in-line
processing and computer control tools to enable the construction of continuous multi-step
flow processes, and to demonstrate these within the research laboratory.
Chapter 1
Solid-supported flow synthesis of
2-aminopyrimidines
7
8 Solid-supported flow synthesis of 2-aminopyrimidines
1.1 Introduction*
1.1.1 Synthesis of 2-aminopyrimidines
One of the primary goals within the field of organic synthesis is to create cleaner and more
efficient methods to assemble functional molecules. 2-Aminopyrimidines are biologically
important building blocks, found in a wide range of compounds reported to possess anti-
emetic,30 anti-tumour,31–33 anti-malarial,34 pain relief35 and other biological properties
(Scheme 1.1a). Besides late-stage formation of the pyrimidine ring from a guanidine
moiety, these compounds are commonly prepared by cross-coupling methods31,32,36 or
by halogen substitution.30–32,35 However, there is an alternative method for accessing the
2-aminopyrimidine unit involving the displacement of an alkylthiol with a nucleophile such
as a secondary amine (Scheme 1.1b).34,37–39 This is potentially very powerful, because the
starting materials can be prepared easily and the reaction generally proceeds in good yield.
Unfortunately, this protocol has the disadvantage that alkylthiol by-products are released
during the reaction, which are malodorous and often toxic. We envisaged that this could be
overcome with a solid-supported methodology.
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Scheme 1.1 (a) Reported bioactive compounds containing the 2-aminopyrimidine scaf-
fold: imatinib (1), a kinase inhibitor;33 2, an anti-malarial compound;34 3, a pain relief
compound.35 (b) Method for the preparation of 2-aminopyrimidines by nucleophilic dis-
placement of a thiol with an amine.37
* The work described in this chapter is reported in Org. Lett. (Reference 29).
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1.1.2 Solid-supported reagents
Thirty years after the discovery of Bakelite,40 this plastic found an application within chemi-
cal synthesis as an ion-exchange resin.41,42 Later, similar ion-exchange resins were used for
purification using “catch-and-release” methods.43 Following Merrifield’s seminal reports of
a solid-phase technique for peptide synthesis,44 a number of functionalised polymer resins
were reported and applied to chemical synthesis, including polymer supported phosphine,
halogenation reagents, redox reagents and protecting groups.45
The application of polymer-assisted solution phase synthesis provides a number of ad-
vantages over conventional solution-phase chemistry.15 If a reagent is covalently attached
to an insoluble polymer support, then it can be removed at the end of the reaction by a
Me
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Scheme 1.2 A three-step reaction enabled by polymer-supported reagents.51 A sup-
ported TEMPO reagent effects an oxidation of alcohol 6 to an aldehyde. Upon heating, this
reacts with the Bestmann–Ohira reagent (4) to form an alkyne, which then undergoes an
alkyne–azide “click” reaction52 in the presence of copper (immobilised on an Amberlyst-21
resin). A sequence of scavengers (present in excess) then remove any unreacted materi-
als: the thiourea cartridge sequesters any copper which is leached from the A21 resin;
the benzyl amine cartridge removes any unreacted aldehyde; the sulfonic acid cartridge
removes the base and protonates any residues from the phosphoric reagent; finally, the
dimethyl amine cartridge removes any remaining acidic material to leave a pure stream of
the product.
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simple filtration. This can reduce the number of labour-intensive workup procedures such
as extractions and chromatographic purification that must be performed to obtain materials
of high purity.
Using these solid-supported reagents, the preparation of complex scaffolds using multi-
step pathways can be achieved46–48 with only a small number of intermediate purification
steps. A further advantage is that toxic, sensitive or valuable reagents can be confined on
the solid material25,46,49 creating a lower exposure hazard than that when working with
powders or volatile substances. It is also possible to recycle catalytic reagents easily as
they can be separated from the reaction mixture by a simple filtration. For these reasons,
polymer-assisted synthesis lends itself particularly well to automation50 to generate large
arrays of compounds.
Polymer-supported reagents are also well suited to flow chemistry processes, because they
can be confined within a cartridge so that the flow stream is not contaminated. They can be
used as reagents, catalysts, or scavengers which remove by-products to simplify multi-step
synthesis. For example, a three-step synthesis of triazole 7 from alcohol 6 and azide
5 reported by our group51 involved sequential reduction, Bestmann–Ohira reaction and
copper-catalysed alkyne–azide cyclisation reactions (Scheme 1.2). The excess unreacted
materials were removed by the scavenging columns to afford the product which was
collected by concentration and crystallisation.
However, the integration of polymer-supported reagents into flow chemistry processes can
present some difficulties, depending on the morphology of the polymeric structure.
1.1.3 Monolithic reagents
Since the description of Merrifield’s resin,44 by far the most common solid support systems
have been “gel-type” polystyrene resins which are prepared as small beads with a diameter
of 0.5 – 1 mm. These have a low degree of cross-linking (1 – 2 %), and as a result they tend
to swell and contract depending on the solvating power of a particular solvent (Figure 1.3).53
An alternative support method is the use of macroporous beads which have a higher degree
of cross-linking and thus greater rigidity, maintaining their structure across a wide range
of solvents. However, they still suffer from some of the other problems associated with
gel-phase beads. Heterogeneous flow processes involve five conceptual steps for mass
transfer between the two phases (Figure 1.4). High molecular-weight solutes diffuse slowly
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a b
Figure 1.3 In a “poor” solvent, which does not effectively solvate the polymer, the polymer
beads contract as the solvent is expelled, allowing the fluid stream to channel around them.
In a “good” solvent they swell up, a process that can block the flow stream. Whilst this
behaviour is not a problem for a batch-mode reaction, in a flow reactor these changes in
flow dynamic can impair the reaction.
into the stagnant solvent present in the pores of the beads. Although diffusion for low
molecular weight solutes is rapid, the large void volume (at least 27 % for spherical beads)
provides a low resistance flow path through which convective flow travels preferentially.54
1 2
3
4 5
Figure 1.4 Five steps for reactivity of solutes in a heterogeneous system. (1) External
mass transfer through convective flow. (2) Diffusion into stagnant solvent surrounding solid
and then into pores. (3) Chemical reaction. (4) Diffusion back into stream. (5) External
mass transfer.
Monoliths represent another class of immobilised reagent which has been developed to
overcome some of these problems. A polymer monolith is a uniformly polymerised porous
structure made by precipitation polymerisation of organic or inorganic monomers (as
opposed to a system of parallel channels such as found in a catalytic converter). Monoliths
were originally developed for protein chromatography,54 for which the slow diffusion was
the primary challenge. They were also found to be useful for flow chemistry, since the
porous polymer structure contains channels with diameters in a tight distribution around
400 nm, which are large enough to support convective flow54 without containing paths for
unimpaired channelling, and keep the flow in close proximity to the pores such that diffusion
between the external flow and the stagnant solution can occur rapidly.54 Since monolithic
reagents can be prepared in any shape, preparation within a glass column (Figure 1.5a)
results in a cylindrical monolith through which a flow stream can pass evenly.
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5 μm 10 μm
a b c
Figure 1.5 (a) Monolith prepared within a glass column. The plugs at either end are
replaced with fluidic connections for the subsequent steps. (b, c) Scanning-electron
micrographs showing the porous structure of a monolith.
Figures 1.5b-c show the structure of the monolithic polymer using scanning-electron
micrography. The visible structures constitute the microscale channels that allow convective
flow, as well as the nanoscale channels (<100 nm54), which allow reagent ingress only by
diffusion. The pore sizes can be tuned by altering the polymerisation mixture to create a
robust and reactive monolith.
Monoliths have found applications as ion-exchangers,55 chromatographic packings,56 and
polymeric reagents and catalysts, for example for Diels-Alder,57 polymerisation,58 cross-
coupling,59 or cyclopropanation60 reactions. Many of these involved continuous flow
systems due to the benefits of flow-through reactors. In an example of a synthesis involving
polymeric reagents, an azide-exchange reactor produced by treatment of a quarternary
ammonium monolith with sodium azide was used to generate acyl azides (8) from acyl chlo-
rides (9).61 These underwent a Curtius rearrangement to produce an isocyanate (10) product
which could be recovered in quantitative yield by removal of the solvent (Scheme 1.6).
Monolithic reactors can be produced in the laboratory without requiring any specialist
equipment. They are made by co-polymerisation of a monomer or mixture of monomers
with a cross-linker and a porogen, usually an alkyl alcohol that is also the solvent for the
monomer. As the polymer chain length grows, its solubility drops until it precipitates from
the solvent; the pattern of phase separation produces the porous structure. The composition
of the solvent system determines the point at which this phase separation occurs and thus
affects the porosity. A balance must be struck between the solubility of the components
and the desired porosity, because if the porosity is too low then the monolith will create a
large back-pressure when placed in a flow stream.
In summary, monolithic reagents are a powerful tool for the application of polymer-
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Scheme 1.6 Use of an azide exchange monolith to generate acyl azides, which were
then subjected to high temperature reactor coil to perform a Curtius rearrangement
reaction. The drying agent cartridge (sodium sulfate) ensured that any water present in
the acetonitrile solvent was removed to prevent undesired reactions with the isocyanate
product.
supported synthesis methods to flow processes. We proposed to create a monolithic
reagent to assist with the synthesis of compounds containing the 2-aminopyrimidine motif.
1.1.4 Proposed synthetic route to 2-aminopyrimidines
For the synthesis of 2-aminopyrimidines, we designed a route based on a monolith-
supported isothiourea. By attaching this reagent onto a solid support (Scheme 1.7),38,39
release of sulfurous by-products can be prevented, and the potential for contamination with
thiourea is reduced.
SH2N
NH2Cl
HS
N S
N
R
N
N
R
N
R'
R'R''-NH
isothiourea 2-thiopyrimidine sulfur retained
R''
Scheme 1.7 Proposed route to 2-aminopyrimidines involving a solid-supported sulfur
moiety.
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1.2 Development of Chemistry
1.2.1 Generation of the monolithic reagent
Previous work within our group62 had investigated the use of compound 11 as a monomer
for the preparation of a monolith which might be used for the synthesis of imidazoles and
pyrimidines using a solid-supported technique.38 However, generation of the monolith had
proven to be challenging, most likely because the polarity of 11 in its hydrochloride salt
form made it poorly soluble in dodecanol, an alcohol used as the porogen. Attempts to
solubilise the monomer with a methanol co-solvent led to an amorphous monolith, and
this was speculated to be the result of having too much solvent in the polymerisation
mixture. Experimentation by Dr Nikzad Nikbin, based on the use of a water/propanol
solvent system,63 resulted in a monolith with a much more favourable microstructure,
having a rigid structure and a back-pressure profile appropriate for use in a flow reactor
(Scheme 1.8).
This water/propanol solvent system is important because it allows the polymerisation of
charged monomers. This can be beneficial in cases such as this one, where the isothiourea
starting material was used in its (easily purified) hydrochloride salt form. Salts are generally
very difficult to polymerise using the traditional methods for making polymer beads, because
beads tend to be made in an aqueous/organic biphasic system,64 so amphiphilic monomers
such as 11 can give poor results. In fact, Masquelin and co-workers38 used the Merrifield
resin as a starting material in their synthesis of the same solid-supported isothiouronum salt,
rather than attempting to polymerise a functional monomer. However, direct polymerisation
of the salt is advantageous because this is likely to result in a solid reagent with consistent
functionality across the entire polymer; and if it is made as a cross-linked monolith, then its
SH2N
NH2Cl
ACHC
6.6:1 1-propanol/water
90 °C, 20 h
SH2N
NH2Cl
11 M1
Scheme 1.8 Preparation of functionalised monolith M1. Polymerisation conditions: 4-
(vinylbenzyl)isothiuronium chloride (11; 18.8 % w /w); divinyl benzene (DVB, cross-linker;
12.5 % w /w); 1-propanol (porogen; 57.5 % w /w); water (porogen; 10.9 % w /w); 1,1′-
azobis-(cyclohexane carbonitrile) (ACHC, initiator; 1 % w /w relative to 11 + DVB).
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morphological properties can be tuned during polymerisation.
The monomer (11) was easily prepared by a nucleophilic substitution of the chlorine moiety
of 4-vinylbenzyl chloride (12) with thiourea (Scheme 1.9). The presence of an imine
functionality was suggested by an absorbance at 1655 cm−1 in the infra-red spectrum, and
a 13C resonance at 169 ppm. In the 1H NMR spectrum, the two broad singlet resonances
at 9.4 and 9.5 ppm from the NH2 groups are in very similar chemical environments, as
expected for this structure. The iminium centre is more deshielded than would be expected
for a monoprotonated guanidine moiety,65 possibly due to the greater electronegativity of
the sulfur atom compared to an amino group.
Following the polymerisation, the new monolith was washed with either ethanol or THF to
remove the residual porogen and any unpolymerised material. Very little of the monomer
was observed in the efflux stream, indicating a good degree of polymerisation. Having
identified an efficient method for producing the functional monoliths, methodology for the
solid-supported synthesis of 2-aminopyrimidines could be explored.
SH2N
NH2Cl
Cl
H2N
S
NH2
EtOH
reflux, 6 h
13 12 11
Scheme 1.9 Preparation of the functionalised monomer 11 by condensation of thiourea
(13) with 4-vinylbenzyl chloride (12).
1.2.2 Monolith characterisation
One of the drawbacks of solid-phase synthesis is that analysis of the reaction intermediates
is much more challenging than for a solution phase synthesis. Conventional methods such
as chromatography or mass spectrometry can only be used for fluid samples, and so it
was only possible to use these to characterise the waste stream after a reaction. Elemental
microanalysis proved to be a useful technique for following the reactions when on the solid
support, particularly as many of the transformations involved a change in the number of
nitrogen atoms.
Although solid samples might not normally be considered for NMR analysis, solid state-
NMR by “magic angle” spinning makes use of a method for overcoming the significant
line broadening brought about by anisotropy within the sample. Because the positions and
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Scheme 1.10 Solution-phase cyclisation of functionalised monomer with EMM.
orientations of molecules in a solid are fixed, there is no random tumbling which in the
solution phase averages out time-dependent interactions. However, by spinning a sample
at 54.7° relative to the magnetic field (the “magic angle”) the influence of anisotropic
interactions is reduced, providing greater signal resolution. The resulting spectral peaks
are often still quite broad, but in some cases the peak shapes can provide further structural
information about the sample.66
It can also be very useful to record the dispersion pattern generated by a solid packed bed
such as a monolith, to confirm that the desired porosity has been generated. This could be
achieved by injecting a pulse of a dye, a salt solution or a UV-active compound into the
column, and then measuring the concentration profile of the output stream using a visible
light, conductivity or UV detector.67
Monolith M1 was characterised by infra-red and 13C NMR spectrometry. The iminium
resonance at 171 ppm was conserved in the NMR spectrum; in the IR spectrum the absorp-
tion at 1647 cm−1, attributed to the imine C−N bond, was also still visible. These data
suggested that the key thiouronium structure was preserved during the polymerisation.
In some cases reactions were tested in the solution phase using unpolymerised monomers,
allowing traditional analytical techniques to be used, before attempting a solid-phase
reaction. However, solution- and solid-phase conditions are not always comparable; for
instance, more forcing conditions were often needed for the heterogeneous reactions.
1.2.3 Heterocycle Formation
Previous reports37,68,69 indicated that an isothiourea would combine with a bifunctional
compound such as ethoxymethylene(malononitrile) (14, EMM)38 to form a heterocyclic
product. Pleasingly, this was found to be the case; mixing 11 and 14 at room temperature
afforded pyrimidine 15 as a precipitate (Scheme 1.10). Hünig’s base (DIPEA) was selected
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for these reactions because, being a liquid, it was more amenable to this flow process than
the inorganic bases such as K2CO3 used in previous reports.
In a mixed-phase system, stirring a crushed monolith overnight with EMM and DIPEA
afforded a yellow solid after filtration and washing (Scheme 1.11).
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M1 14 M2
Scheme 1.11 Solid-phase cyclisation of functionalised monolith with EMM.
The formation of the desired pyrimidine M2 was supported by evidence from the elemental
analysis, showing 8.8 mmol/g of nitrogen and 2.9 mmol/g sulfur,† suggesting approximately
1.8 mmol/g of the pyrimidine, with 0.8 mmol/g of the isothiourea remaining unreacted. The
infrared spectrum showed characteristic signals, such as new absorptions in the regions
of 1250 and 1400 cm−1, as well as a strong absorption at 2217 cm−1, indicative of a C−−N
functional group. The disappearance of the thiouronium centre at 171 ppm could be
observed by solid-state NMR spectroscopy experiments. When performed using a flow
reactor (Scheme 1.12), the progress of this reaction could be observed by a change in colour
of the monoliths from white to yellow (Figure 1.13).
For further information about the functional loading of M1, a known quantity of EMM (14)
DIPEA 
(2.5 equiv.)
MeCN
0.1 mL/min
(2 equiv.) 1:1 DMF/MeCN
0.1 mL/min
CN
CN
EtO
100 psi
unreacted 
EMM, DIPEA
+
DIPEA.HCl
14
M1 M2
Scheme 1.12 Flow schematic for the transformation of M1 to M2. EMM (14) and DIPEA
are combined in a tee mixer and passed through the monolith at room temperature. The
solvent mixture was chosen for maximum solubility of EMM. Only unreacted starting
materials were observed by NMR spectroscopy of the reactor output.
† The sulfur proportion was inferred from the values measured for carbon, hydrogen and nitrogen, and was
consistent with a 1:1.17 ratio of monomer (11) to DVB.
18 Solid-supported flow synthesis of 2-aminopyrimidines
Figure 1.13 The monolithic reagents assumed a yellow colour during the cyclisation
reaction with EMM (14). The uneven distribution of this colour in the initial stages of the
reaction indicates some degree of channeling within the structure.
was injected into a monolith. The quantity of EMM remaining in the output stream was
measured, indicating that 3 mmol of 14 had reacted with the monolithic reagent (2.0 mmol/g
for a monolith weighing approximately 1.5 g). Elemental microanalysis of samples taken
from the resulting monolith M2 at the ends, from immediately beneath the edges, and from
the core reproducibly gave similar results, indicating a consistent reaction throughout the
monolith.
1.2.4 Oxidation of monolith M2
Unlike the methylthiol moiety,34,37 the benzyl sulfur linkage has been reported to be
unreactive to substitution without first performing an oxidation of the sulfur atom.39 meta-
Chloroperoxybenzoic acid (m-CPBA) is a oxidant which is highly soluble in organic
solvents and which has precedence for this oxidation (Scheme 1.14).38
NC
H2N N S
N
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H2N N S
N
O O
15 16
Scheme 1.14 Solution-phase oxidation using m-CPBA.
In a mixed-phase system, oxidation of monolith M2 was performed at room temperature
using an excess of m-CPBA to encourage complete oxidation of all the sulfur atoms
(Scheme 1.15). The progress of the reaction could be observed in the infrared spectrum,
with new strong peaks at 1038 cm−1, 1127 cm−1 and 1325 cm−1 suggesting the presence of
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both sulfoxide and sulfone groups. This was puzzling given that an excess of the reagent
had been used. However, the exact composition and the effects of this could only be
calculated after the nucleophilic release step had been performed.
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Scheme 1.15 Oxidation of monolith M2.
This “safety-catch” activation represents an important advantage of the polymer-supported
technique, because reactions with other nucleophiles could be performed to access further
derivatives of the supported heterocyclic intermediate whilst retaining it on the solid
support. The use of latent chemical functionality in this way can provide an advantage by
reducing the number of steps needed to reach a complex target. For the synthesis of the
2-aminopyrimidines, no protecting group would be required for the sulfur linkage, so the
reactivity of the heterocycle could be exploited without impacting the step economy70 of
the overall process.
1.2.5 Release of 2-aminopyrimidine product
Following activation, the oxidised thioether could be displaced using an amine nucleophile
such as morpholine (17) to provide the desired 2-aminopyrimidine (18). Initial experimen-
tation revealed that long residence times were required for a complete reaction even at
100 ◦C. Therefore, we decided to investigate the use of a stop–flow technique that would
increase the residence time without requiring a lower flow rate than could be achieved
reliably using the pumps.
Once approximately one column volume worth of amine solution had been infused, the
flow was stopped for a period of time whilst the column was kept at an elevated temperature.
This cycle was repeated multiple times to achieve a prolonged residence time, whilst
maintaining a high local concentration of the nucleophilic reagent. Although there was
no flow of solution within the column, mixing would continue by diffusion allowing the
reaction to continue during these periods.
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Scheme 1.16 Reaction of monolith M3 with morpholine to afford the heterocyclic product
18. The yield is calculated based on the measured loading of isothiourea monolith M1.
Following concentration of the output, the pyrimidine product 18 was obtained following
a single chromatographic purification. Therefore, a large proportion of the experimental
effort was spent operating the flow reactor, and very little reagent and intermediate handling
was necessary to obtain the product. We envisaged that an automated system could perform
many parts of this synthesis with minimal manual intervention.
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1.3 Automation
1.3.1 Advantages of automation
The “catch–react–release” method described is essentially a serial batch procedure, and so
the throughput of material is restricted. The size of each batch is limited by the amount
of material loaded onto the monolith, and under the thermal polymerisation conditions
frequently employed there is currently an upper limit to the size of monolith that can be
prepared with a favourable morphology.61 Furthermore, the monoliths were not reusable
and to avoid contamination we used new columns for each reaction, so a large number of
them had to be prepared. Using the column heater modules for a Vapourtec R2+/R4 reactor
unit, we were able to produce batches of four monoliths at a time (Figure 1.17), which was
sufficient for the pace of work.
However, the protocol for generating the monoliths involved heating the polymerisation
mixture for 20 hours. When this procedure was performed manually, preparation of the
polymerisation mixture had to be started at about 3 pm to ensure that the monoliths would
be ready and the heater could be switched off early the next morning. By implementing a
timed shut-off, the preparation could be done at any point during the day, which was more
practical.
Of course, this simple control task could be achieved with an off-the-shelf plug timer, but a
more complete solution was required for the later synthesis steps to enable a programmed
sequence of operations to be carried out. In these cases, the software available for control of
a b c
Figure 1.17 (a) Some of the different sizes of glass column available. From left to right:
3 mm ID × 100 mm length, 6.6 mm ID × 50 mm length, 6.6 mm ID × 100 mm length,
10 mm ID × 100 mm length. (b) Heating jackets installed on a Vapourtec R4 heating unit.
(c) Monoliths being prepared in parallel.
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the R2+/R4 unit was also unsuitable, because it was not possible to add new logic beyond
the prescribed applications, and because in some cases we wanted to incorporate additional
devices to be controlled simultaneously. Therefore, custom computer software had to be
created to control these experiments; the 20 hour heating programme will serve as an
introductory example to explain how the solution was created and used.
Vapourtec kindly provided details of how their reactors can be remotely controlled. The
reactor connects to a PC using an RS-232 serial cable, and then the communication is
carried out using a text language (Table 1.18). Communication though a serial port in this
way is well within the capabilities of any modern programming language. The Python
programming language was chosen because it is quick and easy to read and write, and
commonly used for scientific software.71 A sequence to set up the reactor, wait for 20 hours
and then turn off the system is shown in Listing 1.19.
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Table 1.18 Typical commands and responses for the Vapourtec R2+/R4 unit.
Action Command Response
Switch power on "" "OK"
Switch power off "" "OK"
Set Temperature "  0 100" "OK"
Listing 1.19 This programme sets all four heaters to 90 ◦C, runs for 20 hours and then
switches off the R4. Note that no data is collected during the experiment and there is no
facility for checking that the commands have been received. The \r\n (carriage-return
and new line) characters are used to terminate commands. Please note that the serial
commands have been redacted in the PDF version of this document.
# Python includes modules for serial communication and timing
import serial
import time
# Set up a connection to the R2
connection = serial.Serial(
"COM1",
baudrate = 19200,
timeout = 1
)
# Set all four heaters to 90 degrees
for i in range(4):
connection.write("  {:d} 90\r\n".format(i))
time.sleep(0.1)
# Turn on the heaters
connection.write("\r\n")
# Wait for 20 hours
time.sleep(20 * 60 * 60)
# Switch off the heaters
connection.write("\r\n")
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1.3.2 Solvent switching and stop-flow
A second application of automation was that when working with a monolithic reactor, it
is important to make gradual solvent switches, much like must be done when changing
the solvent within a chromatographic column. This is because a sudden change in solvent
composition can block the pores or cause the structure to collapse. Another application was
the stop–flow protocol which otherwise required many carefully timed manual operations.
Automation of the solvent switching protocol (Listing 1.20), and the stop-flow protocol
(Listing B.1 in Appendix B) created a much more efficient working regime, where the bulk
of these tasks could be managed by a computer.
Initially, we encountered a problem in some cases relating to the under-pressure shut off
feature which is hardwired into the Vapourtec machine. Once the reactor is running and
the pressure has built up to over 3 bar, if the pressure then drops below this level then the
pumps and heaters are automatically switched off after a period of time and the machine
reports an error.72 In a normal flow chemistry procedure this is very useful, because a
pressure drop may indicate a leak or a sudden rupture in one of the flow tubes. However,
when pumping a solution slowly through a monolith this system could be triggered during
Listing 1.20 Example of a programme to change the solvent mixture gradually from
100 % solvent A (orange channel) to 100 % solvent B (purple channel) in four increments.
This programme makes use of an abstraction object (vapourtec.R2R4) that handles the
RS-232 communication (see Appendix A).
import transport, vapourtec
R2 = vapourtec.R2R4(transport.serial("COM1"))
flow_rate = 200 # Total flow rate
steps = 4 # Number of increments to make
# Calculate change in flow rate for each step
step = flow_rate / steps
for i in range(steps):
change = (i + 1) * step
# Adjust the flow rate of both pumps
R2.flowrate("orange", flow_rate - change)
R2.flowrate("purple", change)
# Run each solvent composition for 20 min
R2.wait(mins = 20)
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normal operation. Furthermore, if the structure of the monolith was not perfect then large
pressure fluctuations could sometimes occur, triggering the safety shut off. Most crucially,
it was also triggered when the pump was switched off but the heaters were still running,
during the “stop” phase of a stop–flow sequence. The pressure gradually fell to nothing
after the pumps were stopped, having the undesired effect that the heaters were switched
off as well.
To circumvent this problem, the programme performed frequent checks on the status of
the machine during each waiting period, as part of the R2.wait() function. If it had
stopped due to an under-pressure then the reactor was started again allowing the sequence
to continue uninterrupted.
1.3.3 Multi-step processing
The combination of solid-phase synthesis and automation means that multiple synthetic
steps can be programmed to take place in a sequence, in much the same way as a solid-phase
peptide synthesiser is used. The valves on the R2+/R4 reactor can be used to select reagents
and solvents for different phases of the synthesis.
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MeCN
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Figure 1.21 Reactor configuration for sequential washing and loading of four monoliths.
A multi-position valve was added to take advantage of the four heating manifolds available
(Figure 1.21). During stop-flow sequences the reagents could be loaded onto one monolith
whilst the others were heating, allowing multiple reactions to be performed simultaneously.
All four could be washed and then the cyclisation reaction performed on each in turn.
Listing B.2 (Appendix B) shows a programme to wash four new monoliths and then react
each in turn with a solution of a reagent.
A similar system could be used for performing the nucleophilic release step with four
different amines (Figure 1.22, Listing B.3 in Appendix B). In this case the valve was
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connected to four reservoirs containing the amines, and four collection vessels. A separate
wash line allowed the dead volumes to be cleaned out between switching the reagents. NMR
measurement of the collected materials confirmed that there was no cross-contamination
between the amine reagents.
Dioxane
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m-CPBA / DCM
DCM
Amine 1
Amine 2
Amine 3
Amine 4
100 psi
100 psi
100 psi
100 psiorange
load
inject
waste
collect 1
collect 2
collect 3
collect 4purple
1
5
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1
Figure 1.22 Reactor configuration for nucleophilic displacement from four monoliths with
four amines. The additional valve is used to enable thorough rinsing of the system to avoid
cross-contamination. Since the two multi-position valves were part of the same unit, Amine
1 was infused into column 1, Amine 2 into column 2, and so on.
Multiplexing reactions in this way improves the efficiency of a single piece of apparatus.
The complex switching schedule required makes the computer control an important addition.
After programming the appropriate sequence of operations, the chemist can be confident
that it will be carried out correctly without having to (for example) set lots of stopwatches
for himself, or worrying about getting one step wrong.
Having developed these automation methods, they were applied to the preparation of
analogues of a precursor to the kinase inhibitor imatinib.
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1.4 Application to the preparation to derivatives of ima-
tinib amine
Imatinib (1) is a drug marketed by Novartis AG for the treatment of chronic myeloid
leukaemia and gastrointestinal stromal tumours.33,73–75 It is marketed in the USA (as
Gleevec) and in Europe, Australasia and Latin America (as Glivec), in both cases as its
mesylate salt. We envisaged that the polymer-supported methodology for the synthesis of
2-aminopyrimidines could be applied to the synthesis of compound 24 (Scheme 1.23), an
important precursor to imatinib.
1.4.1 Reported syntheses of imatinib
A number of routes for the synthesis of imatinib have been reported. Many have a number
of similarities to the initial discovery route patented by Zimmermann and co-workers.33,73
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Scheme 1.23 Szczepek’s route to imatinib,76 involving condenstion of enaminone 21b
with guanidine 23. This route is similar to the original discovery route.33,73
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The key 2-aminopyrimidine is constructed by a condensation reaction between an enone
(21b) and a guanidine (23) (Scheme 1.23).76–81 One patented route82 involved the Negishi
coupling of 3-pyridyl zinc bromide with 2,4-dichloropyrimidine which avoided the high-
temperature enone condensation.
The key amide bond is often formed by acylation of the aniline revealed by reduc-
tion of a nitro group such as that present in compound 24. A number of methods for
amide coupling have been reported, including aluminium trichloride mediated reactions
with carboxylic acids or esters (Scheme 1.24, Route A),77 as well as using common
peptide coupling reagents.83,84 The combination of an acyl chloride with an aniline
(Scheme 1.24, Route B)76,77,79,80,85 is a particularly high-yielding method. Construc-
tion of the 2-aminopyrimidine centre has also been reported using cross-coupling methods
such as by a Buchwald coupling (Scheme 1.25)36,77,86 or by Ullmann coupling.87
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Scheme 1.24 Formation of the amide bond from aniline 25.
Finally, the synthesis of imatinib has also been performed using some advanced synthe-
sis techniques. Our own group developed a flow synthesis procedure36 involving solid-
supported reagents and scavengers, and a catch-and-release method for the preparation of
the aryl bromide cross-coupling partner 31. This compound was obtained in high purity
with no manual purification. Leonetti and co-workers reported a solid-supported synthesis
of imatinib (Scheme 1.26),88 although this method required a double protection of the
guanidine moiety as well as a number of expensive or toxic reagents such as BEMP and
HgCl2 to force the reactions.
1.4. Application to the preparation to derivatives of imatinib amine 29
N
N
N
H
N
HN
O
N
N
N
N
N NH2 Br
HN
O
N
N
conditions
+
30 31 1
Scheme 1.25 Synthesis of imatinib by cross-coupling methods. Conditions: Pd2(dba)3 ·
CHCl3, NaOtBu, rac-BINAP, xylene, reflux, 5 h, 72 % after reverse phase HPLC;
77
BrettPhos precatalyst (2 mol %), BrettPhos (2 mol %), K2CO3, t-BuOH, 110
◦C, 6 h, 84 %;86
BrettPhos precatalyst (2.5 mol %), NaOt-Bu, 2:1 1,4-dioxane / t-BuOH, 150 ◦C, 30 min
(continuous flow), 69 % after column chromatography.36
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Scheme 1.26 Solid-phase synthesis of imatinib. The steps were generally high-yielding
but some unattractive reagents were required.
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1.4.2 Monolith-assisted route to imatinib
A collection of enaminones (21) were produced by treatment of an acetylated aryl com-
pound with DMF-DMA (20), following Szczepek’s protocol.76 These were reacted with
monolith M1 using the flow procedure described earlier in this chapter to afford the different
thiopyrimidine monoliths M4. By heating the monolith to 80 ◦C during the heterocycle
formation reaction, this transformation proceeded to completion as indicated by elemental
analysis. From the oxidised monoliths M5, analogues 38 were prepared (Table 1.28).29
These compounds were isolated in yields from 29 – 72 % (based on a 4.2 mmol loading
of monolith M1) over the three steps with only a single chromatographic purification.
This represents a powerful technique for the preparation of a number of derivatives of a
compound of interest, without requiring a large number of manual purification operations.
In order to transform compound 24 into imatinib, we chose to use a coupling with an acyl
chloride.87 Before this could be carried out, it was necessary to perform a reduction of the
nitro group of 24. A number of different conditions have been reported to be effective for
this procedure, including Pd/C and H2,
73 SnCl2,
78 hydrazine and FeCl3,
87 hydrazine and
Raney Nickel,76 and sodium borohydride with CoCl2.
76 We chose to employ Pd/C catalysis
using an H-Cube reactor (Scheme 1.27), which performs heterogeneous catalysis using
hydrogen generated in-situ in an electrolytic cell. No toxic metals like SnCl2 are involved
and the use of a heterogeneous catalyst reduces the purification requirement.
The resulting aniline (25) was treated with an acyl chloride, and then an SN2 reaction
afforded imatinib (1) after purification by column chromatography.
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Scheme 1.27 Synthesis of imatinib (1) from precursor 24. Yields are unoptimised.
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Table 1.28 Preparation of 2-aminopyrimidine derivatives 38.
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a Isolated yield over all three steps, after purification by flash column chromatography,
based on an assumed 4.2 mmol loading of monolith M1.
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1.5 Conclusion
In this chapter an automated, multi-step synthesis for a focused array of substituted 2-
aminopyrimidines was described. The method involved the generation of a polymer-
supported pyrimidine which was then released to afford an advanced intermediate. A
significant advantage of this procedure is that it avoids problems of low solubility which
are commonly encountered when working with heterocyclic compounds. Indeed, attempts
to directly polymerise intermediate 15 were unsuccessful primarily due to its low solubility
(Scheme 1.29).
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Scheme 1.29 Attempts to prepare a monolith using cyclised monomer 15 were unsuc-
cessful, primarily due to its poor solubility.
Solid phase synthesis is a powerful technique, which can eliminate the need for manual
purification methods and thus is very useful for library synthesis. In this case, the oxidative
“safety-catch” could enable further derivatisation without the need for protecting groups.
However, solid-phase synthesis is strongly associated with combinatorial chemistry and so
has generally been overlooked since the latter has fallen out of fashion. Nevertheless, when
combined with programmed automation attractive synthetic pathways can be harnessed
without the need for specialised combinatorial equipment.
The introduction of automation techniques allowed a number of compounds to be rapidly
prepared by what would otherwise be a relatively labour-intensive process. The potential
applications of automation within synthesis are widespread, and in the next chapter a
more generalised system for controlling laboratory devices such as the R2+/R4 reactor is
described.
Chapter 2
New control and monitoring software
for flow chemistry systems
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2.1 Introduction
As continuous processing techniques such as flow chemistry become more commonplace in
modern laboratories, there is an increasing demand to expand the capabilities of laboratory
devices. For instance, the ability to share information between different devices enables
seamless co-ordination of an experimental protocol to be achieved. We may wish for
the sensor reading from a spectroscopic detector to determine the flow rate of a pump,89
or to trigger a multi-position valve to collect samples at regular intervals throughout the
procedure (Figure 2.1). One particular challenge in this regard is communication with
different equipment made by different manufacturers.
heaterdetector
controlled 
pump
supported reagent fractionsdetector
Control
Figure 2.1 Heterogeneous reagents produce additional dispersion of a reagent slug
within the flow system. By connecting a detector and a pump, addition of a reagent
stream after the column could be performed at a varying flow rate to match the immediate
concentration of the substrate. The same control computer could also interact with other
devices, such as valves or fraction collectors, in an integrated fashion.
There have been a number of examples of integrated flow systems reported recently, such
as for multi-step synthesis,14,89,90 combined synthesis and purification,91 or new work-up
technologies,92 which confirms that this is an important aspect of laboratory flow chemistry.
Although manufacturers generally provide appropriate control software for use with their
particular devices, these are often limited to the applications that the manufacturer had
envisaged, and to other devices sold by the same manufacturer. For commercial reasons,
the control software is invariably provided in a closed format that cannot be extended to
implement control of additional hardware. Fortunately, most manufacturers are willing to
share control commands for their products; however, extensive integration work is often
necessary in order to connect different devices such that data can be passed between them.
In a manufacturing environment, process control systems tend to be custom designed
(involving a significant financial and time investment) for each individual setup; the cost
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and specific nature of the resulting system make this unsuitable for a research laboratory,
where a particular reactor configuration may only exist for a few days or weeks. Ideally, a
chemist should be able to define a sequence of operations to carry out a control protocol
for any new process with minimal up-front effort: it ought to be possible to prototype the
control system for an experiment in a few hours at most. In this way, more time can be
spent on the engineering and chemistry challenges inherent in the synthesis process, rather
than the logistics of control systems and communications interfaces.
Furthermore, the control software needs to be sufficiently flexible to enable different
pieces of equipment to be swapped in and out of the integrated system without having to
make significant changes to the automation protocol. Whilst an industrial process might
be designed for hardware that will be dedicated to that system, a process in a research
laboratory would have to use whatever devices are available. Flow reactor devices tend to
be modular and functionally interchangeable, so they ought to be interchangeable in the
control algorithm as well, allowing maximum reuse of programmes from one experiment
to another.
2.1.1 Existing control software
A large number of software projects can be identified that have been developed to enable
laboratory automation. The majority are aimed at running analytical devices, since these
are now invariably automated with data stored directly in electronic lab notebooks (ELN,93
such as the IDBS E-Workbook94 as used within our own research group95) or in laboratory
information management systems (LIMS)96 such as that sold by Thermo Scientific.97
A significant minority are designed for device automation. Clarity,98 developed between
the Evolutionary Biology and Systems Biology departments at Harvard University, is an
automation management programme written using the C Sharp (C#) programming language
to interface with laboratory robots, and includes a scheduler for executing sequences of
operations, in particular allowing each instrument to be involved in many such protocols
simultaneously. It also has an interface for starting and monitoring protocols, and an
alerting system for monitoring the computer that is running them. Importantly, it has the
ability to resume a protocol from a stored log file after a system crash. However, the control
protocols are stored simply as lists of method calls, allowing very limited decision making
abilities.
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The aim of the project was to provide an alternative to expensive and proprietary commercial
integration and task-scheduling solutions such as those provided by Peak Analysis and
Automation Ltd.,99 PerkinElmer Inc.100 and infoteam Software AG.101 These systems are
generally not suitable for academic use as they tend to be sold on a basis where a consultant
from the company will design and implement the controlling software for the particular
process that needs to be automated. Furthermore, Clarity and all of the products produced by
these companies are primarily aimed at the biochemical sector. Clarity includes interfaces
for an incubator, a plate handler and a transfer station, and the case studies described for
the commercial products revolve around plate handling and reading.
The SiLA (Standardization in Lab Automation) consortium,102 a prominent laboratory
automation standards body, has published specifications for interfaces with different classes
of device.103 These specifications have been primarily developed to address the require-
ments for in vitro screening tasks, and this is confirmed by the operations defined in the
specifications (for example: Move Plate, Dispense Liquid Volume, Read Plate, and so on).
However, the idea of a specification is very important, because if similar devices have
the same interface, then the physical unit can be exchanged without requiring extensive
modifications to the control protocol.
Flow chemistry applications offer different challenges — most importantly, the control
of reactors based on the current state of other devices and instruments. Each process
will tend to have a dedicated set of physically and fluidically integrated apparatus for
the duration of its operation, so there is no need for the software to allow each device to
participate in multiple experiments. Rather, its focus should be on responding to incoming
information correctly and rapidly. Flow reactors are modular devices which are frequently
repurposed for many different experiments, so each control protocol should represent a
low time investment. This is not necessarily possible with the currently available software.
Therefore, a new open access and freely-available control solution would be a valuable
addition to the flow chemistry toolbox.
Some reported projects89,104,105 have designed automation protocols using LabVIEW,106
which is a visual programming tool and control platform developed by National Instruments
Corporation. Notably, LabVIEW has also been used to create the control software for
commercially available Uniqsis107 and Syrris108 devices. A similar tool is OpenAPC109
which offers a similar visual process development interface, for which new software
components can be created using the C++ programming language. Another popular
programming language is MATLAB,110 which works in a more conventional textual
2.1. Introduction 37
manner, and has been employed for some automation projects.111
A number of manufacturers provide LabVIEW or MATLAB interfaces for their instruments,
and so for simple tasks, the tools provided by these or other programming languages can
allow very rapid development. However, without a specification or standard protocol
scheduling system, the software for each new flow chemistry process must be created from
scratch. This has largely been the case with previous projects:89,92,112–114 for each new
project the researchers created a control programme to send the raw commands to the
particular machines integrated into the synthesis process. Frequently, the control system is
not published with the work; but even if it were, it may be useless without having exactly
the same set of equipment (with exactly matching firmware versions).
A more powerful solution would be to abstract each machine to its fundamental capabilities,
and work to a specification enabling similar reactors and devices to be exchanged easily;
each new protocol would be focused on its specific purpose rather than on the implementa-
tion of particular instruments. Furthermore, if common requirements such as recording all
of the data collected during a protocol and providing an interface to monitor this data in
real time are performed automatically, then researchers developing a new process will be
free to concentrate on other tasks.
Control platforms such as LabVIEW and MATLAB offer a promising ecosystem for
running lab automation, but the key disadvantage is the closed-source and proprietary
nature of their distribution and data formats. To overcome these disadvantages we selected
the Python programming language.115 Its open-source nature encourages collaboration,116
and enables technology to be transferred between institutions without the large initial set-up
costs typically involved with commercial packages. There are a number of libraries created
for Python which are specifically targeted at scientific and chemical applications.71,117 In
common with most programming languages, libraries for communication using a large
number of standard protocols are also available, enabling programmes written using Python
to communicate with laboratory instruments.
The goal of this project was to develop an automation platform that implemented the
communication protocols for standard devices, and which provided the ability to define
logic behind the commands that need to be sent, and to schedule them to occur at the correct
time.
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2.1.2 Flow chemistry equipment
Basic flow chemistry equipment (see page 3) consists of pumps, mixers, switching valves,
heaters / coolers and sensors. Broadly speaking, any controllable reactor component will
have two modifiable parameters: power (on / off) and some target value (for example: tem-
perature or speed), in addition to readouts of current sensor values. Recent developments
in reactor technology such as electrochemical,118 photochemical119,120 and microwave121
reactors fall broadly within the same categories, but may of course require different pa-
rameters (such as voltage, wavelength or power instead of temperature). Sensors, such as
pressure sensors, pH sensors or thermocouples may not have any controllable parameters,
instead only providing readings.
As mentioned earlier, work has been done already towards defining standards for interfaces
for interaction with laboratory instruments: the SiLA specification103 defines interfaces for
syringe pumps, liquid pumps, valves, heating/cooling units, as well as generic devices with
analogue or digital parameters and outputs. These concepts could be adapted to create a
new interface which is initially aimed at comtrolling flow chemistry equipment but which
could later be made compatible with the SiLA (or other) standards (Table 2.2).
Table 2.2 Parameters for typical flow chemistry equipment.
Type Parametera Sensorb
HPLC Pump Target flow rate Actual flow rate
Syringe Pump Target volume Actual volume
Valve Position n/a
Heater / Cooler Target Actual value
Sensor n/a Sensor value
a Generally writeable. b Generally read-only parameters.
2.1.3 Interaction with equipment
There is a range of communication mechanisms for laboratory devices, some more common
than others. The simplest devices communicate with analogue voltage signals and electronic
switches (referred to as contact closures). To use these signals and switches we must
physically connect one wire from a device to the controller for each parameter of interest.
More recently developed devices use “combined” interfaces such as USB, Ethernet or
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Figure 2.3 Analogue connectivity, such as with a hypothetical binary HPLC pump (left)
might include a switch to start or stop the pump, and a voltage output to read the solvent
composition. For each value to be read or controlled, (for example, the flow rate) an addi-
tional physical wire is required. Newer methods such as RS-232 allow many commands
and parameters to be conveyed using the same physical connection.
RS-232. These are digital interfaces that have larger speeds or bandwidths,* meaning that
only one wire is required for each device (Figure 2.3).
RS-232 is one of the more common interfaces for laboratory devices, and it works by
sending text-based messages along a serial cable. For example, to interrogate a valve
manufactured by Valco Instruments Inc.,122 a text command NP (Number of Ports) can be
sent, to which the valve responds with 10: the number of available ports. A large majority
of instruments support RS-232 communication, and there are many options for adaptors
which can transmit RS-232 messages within other protocols such as USB or Ethernet. In
these cases, the adaptor hardware is used along with software that creates a “virtual serial
port” on the control computer.
USB is the successor to RS-232, and has a much higher data rate (typically 4000 × faster).†
However, there is limitation in the length of the cables that can be used, and often USB
devices require their own software or drivers to perform binary communications, rather
than simply using text-based communication.
Ethernet is another transport mechanism, which uses a protocol called TCP/IP. It has a long
physical range, and is typically 1000 to 10 000 × faster than RS-232.‡ The advantage of
using Ethernet communication is that it is used extensively for computer networking, so
this form of communication can take advantage of existing building-wide cabling systems.
There are some other less commonly encountered protocols, including Modbus and I2C.
Modbus can operate over different transport mechanisms such as serial, USB or Ethernet;
instead of sending messages, it defines commands to interact with parameters (called
* How fast or how much data can be transmitted at the same time.
† 480 Mbps for USB 2.0, compared with a maximum of 115 kbps for typical RS-232 devices. To minimise
interference, few RS-232 devices operate over 19 kbps.
‡ Modern consumer ethernet equipment operates at 100 to 1000 Mbps.
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registers) stored in the device. I2C is a protocol which operates across simple wires, and is
often used internally within instruments to control components such as switching valves.
It is also possible to use some of these protocols over a wireless transport layer such
as wireless Ethernet; this has the potential to reduce the amount of clutter in the fume
cabinet and laboratory. However, when using wireless communication, issues of connection
dropouts, interference and security must be considered, introducing significant unwanted
complexity to the system.
2.1.4 Control computers
Previous work in the laboratory has employed laptop computers outside the fumehood, or
desktop computers standing inside the fumehood. These take up space, can be damaged
easily by solvents or corrosive substances (requiring expensive replacements) and tend to
require a large number of wires to be routed around the fumehood. Of course, without
wireless connectivity many of the wires are necessary; nevertheless, the use of smaller and
lower-powered computers can reduce clutter and cost, save space and energy, and benefit
from increased portability. Additionally, the introduction of graphical interfaces that can
be accessed using a portable device such as a tablet computer, rather than being confined
to a screen adjacent to the equipment, can provide the chemist with greater flexibility and
freedom within the laboratory (Figure 2.4).123
instrument
instrument
instrument
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device
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Figure 2.4 The use of wired connections between the instruments and the computer
running the control programme ensures reliable communications throughout an experiment.
By allowing a user interface to be accessed on portable devices, the operator can work
with greater flexibility.
Fortunately, the control computer for these systems does not necessarily have to be a
standard laptop or desktop machine. Provided that software is written to suit them, there
are many compact systems now available (Figure 2.5). Platforms such as Arduino132 and
Microsoft .NET Gadgeteer133 contain a small, very low power, programmable microchip
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Figure 2.5 (a) Arduino Uno,128 (b) Microsoft .NET Gadgeteer (shown with attached
button module),129 (c) Raspberry Pi (model B),130 (d) Intel Galileo board.131
with an array of digital and analogue inputs and outputs, as well as plug-in modules for
interacting with motors, sensors, or other devices. Generally these have a small amount
of memory for storage, and can run a single looping programme. With their low power
consumption they are ideal for developing integrated controllers for new devices. A more
powerful device is likely to be needed for controlling multiple machines using easy-to-
write programs. Raspberry Pi28 is a small computer with an 800 MHz processor running a
Linux operating system, which can run software written in Python, as well as most other
Linux software. As ubiquitous computing becomes more commonplace, more miniaturised
computer systems are being made available, including the Intel Galileo134 and Edison135
systems, and the Phidgets Single Board Computer (SBC).136 The more flexible and powerful
a system is, generally the more expensive it will be both in terms of cost and energy usage:
small computers such as the Raspberry Pi provide the capability for performing advanced
applications whilst having only a small power requirement.
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2.2 Implementation
As part of this project, a new software tool for computerised control of flow chemistry
platforms was developed, under the name Octopus.137 This has a similar structure to that
of the Clarity project mentioned earlier,98 but was designed specifically for use with flow
chemistry systems.
Each device is controlled by a virtual instrument, which is a software component that sends
commands and records all of the data produced by the device (Figure 2.6). The virtual
instruments are controlled by a scheduler, which executes a control protocol and instructs
the virtual instruments to perform the required actions at the correct times. The scheduler
and virtual instruments can run on a regular desktop computer, or a miniature computer
such as the Raspberry Pi.
Multiple protocols can be run independently or on different computers; they all commu-
nicate with a user interface server which delivers the experimental data in numerical or
graphical formats to client devices using a web site interface. These client devices can
be desktop computers or portable devices connected via a wireless network or over the
internet.
The remainder of this chapter discusses some of the key features of the design.
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Figure 2.6 The control software system is structured so that each instrument is controlled
by a virtual instrument within the software. Experimental protocols are run by a scheduler,
which can interface with any number of virtual instrument objects. The state of the
instruments and the experiment can be displayed on a web interface which can be
accessed by multiple users simultaneously; the user interface can be provided by the
same computer or a different computer to the one running the protocol. Events within the
protocol can trigger alerts such as emails or SMS messages to be sent to the operator.
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2.2.1 Communication
Concurrency and asynchronous operation
A fundamental requirement for the control software was for it to be able to communicate
with several different machines and devices simultaneously. Computers perform multi-
tasking by rapidly switching between running processes; one simple method for achieving
this in software is by using an event-based programming model. Under this system,
execution of different parts of the programme is triggered by external messages or events.
Commonly, new events wait in a queue and only one event is processed at once — ideally,
the part of the programme that processes an event should be very efficient so that new
events are dealt with as quickly as they arrive. The event-based model is considered
to be conceptually easier and more efficient to run than alternative methods for multi-
tasking,138 such as the creation of multiple threads (where the operating system manages
task-switching) or by programming for the utilisation of multiple processor cores. Since
event-driven programmes can be run on a single processor, and can have a relatively low
resource requirement, even quite complex programmes can be run on low-powered devices
such as the Raspberry Pi.
The capacity for a computer programme to perform multiple tasks simultaneously using the
same data is called concurrency.139 It turns out that concurrency represents quite a complex
problem and so it is important to consider how it will be achieved. In this case, concurrent
operation is beneficial because one of the slowest parts of the system is communication
with different devices. Typically, it can take around 200 000 times as long to access a file
from the hard drive (magnetic storage) as it does to read a value from memory (RAM;
solid-state storage). Even when using the fastest interfaces, communicating over a serial
cable or over a network is even slower than accessing data from the hard drive, by a
factor of up to a hundred.140 Because reading data stored in the RAM is so much faster, a
computer can carry out thousands of calculations or instructions in the time that it takes to
receive a response from an external device. A programme that waits for responses from
each communication before moving on to the next instruction will waste a lot of time
doing nothing, whereas a programme made to run in a concurrent manner can perform its
communications asynchronously§ and thus be more efficient by doing other things whilst
waiting for responses from remote devices.
§ Without having to wait for them to complete before moving on to the next instruction.
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Figure 2.7 Event-based concurrency enables asynchronous communication so that
other tasks can be done while waiting for responses from remote devices such as reactors
R1 and R2. (30 ms is a typical time for a message to be delivered to a remote device and
then for a response to be received).
For example, to start two devices simultaneously, messages must be sent along two different
cables with as little time separation as possible (Figure 2.7). Whilst it is possible to send
two simultaneous messages using a regular programme, one written with concurrency in
mind can achieve this and also listen for and handle the responses, essentially allowing a
two-way dialogue with each device. In an event-based system, messages are dispatched to
the remote devices asynchronously, and then the arrival of each response triggers an event
to which the programme responds, to process the incoming data.
Twisted141 is an open-source software package designed to enable the development of soft-
ware for running networking tasks using events, using the Python programming language.
This package was employed to implement the concurrent operation and communication
with flow chemistry instruments. Using the Twisted package as a basis, the virtual instru-
ments were developed. These define the commands that are to be sent to each type of
machine and how to interpret the responses.
Implementation of virtual instruments
Python is an object-oriented programming language, which means that it is built around the
concept of objects (software representations of physical things). Objects contain properties
(data) and define methods (actions that can be performed on the object or its data). With
this in mind, the interface to each connected machine was implemented as an object (a
virtual instrument), which has properties corresponding to the status, parameters, outputs
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and sensor readings from the physical instrument.¶
For safety reasons, it is important that the physical control panel on the machine is not
disabled (even though there is often the option to do so) so that if necessary it can be
controlled manually even while it is ostensibly under computer control. As a result, there
may be changes to the state of the physical machine which are not caused by commands
sent by the virtual instrument. Therefore, it needs to regularly request this information so
that its internal representation of the physical instrument is kept up-to-date. This enables
the control programme to make decisions based on the actual state of the machine.
To create the virtual instruments, a different class is defined for each type of machine that
is to be monitored or controlled. A class is a generator which can create an appropriate
object to correspond to a particular machine when given a connection through which to
communicate with it. The class is defined with all of the parameters appropriate for that
type of machine, and methods for requesting the current state of the physical instrument
and updating the object’s parameters accordingly (Figure 2.8).
Virtual Pump Object
Power on
Flow rate 100 µL/min
Pressure 7 bar
Figure 2.8 A pump object is defined with virtual representations of each property of
the pump; for example, pressure, flow rate and power. Some are read-only, such as the
pressure; others can be changed to control the device.
There is likely to be more than one set of commands being sent to each machine whilst
the programme is running (Figure 2.9). In the background, the virtual instrument will
be periodically updating its state to match the physical one; at the same time, there may
be commands defined by the control sequence for a particular experiment. The ability to
manage both foreground and background tasks in the same way is a key advantage of a
concurrent system.
¶ The virtual instruments perform a similar function to the R2R4 object which was used in Chapter 1 (see
Appendix A).
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Figure 2.9 The commands defined by the control sequence cause commands to be sent
to the physical instrument. At the same time the virtual instrument object requests updates
to keep its internal data up-to-date. The internal data is used for calculations and decision
making in the control sequence.
Command queues
Even though a concurrent programme can run multiple tasks in parallel, in general the
physical instruments can only process one command at once (this is true for almost all
of the machines encountered during this work). However, multiple commands intended
for one machine may be generated within a very short time, and so the programme has
to wait for each to have been sent and to have received a response before moving on to
the next one. Internally, each machine object contains a connection object to represent
the communications link with the physical device. The connection object keeps track of
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Figure 2.10 The machine object contains a reference to its connection object, which
keeps a queue of waiting commands. When a command gets to the front of the queue,
the connection sends it to the machine and waits for a response. When the response has
been received an appropriate handler is invoked and then the next command is sent.
2.2. Implementation 47
the queue of commands waiting to be sent, and performs the appropriate action when a
response is received from each one (Figure 2.10).
If no response is received, this could indicate a temporary or permanent loss of the con-
nection to the machine. It is not possible to tell whether the message was received or not
so the best course of action is to send the message again. For this reason, most devices’
command interfaces are implemented in the form of a state to end up in, rather than an
action to perform. For example, a command should be switch valve to position 1 rather
than switch valve to the next position. The latter command would lead to different results
depending on how many times it is sent.
The continuous monitoring of the current state of each instrument gives the software
increased confidence that a machine is in the correct state at any point in the sequence.
Logging of all of this data throughout an experiment gives the scientist the ability to check
that the reaction had run correctly once it is complete.
2.2.2 Data handling
The data collected from the connected machines may be needed to observe the current
conditions or to measure trends over time. In order to look for trends, the data must be
stored for a period of time to allow calculations to be performed on data collected over a
particular time frame. As data are received by the virtual instruments, it is stored in two
places: in memory within the property associated with the relevant parameter or sensor,
and also to a log file on the hard disk.
Over a long experiment, the hard disk log files could then become extremely large, or even
fragmented if a maximum file size is enforced. This would make reading data from disk
a slow and relatively complex task, and so these log files are used only as an archive for
later analysis. All calculations involved in the control sequence are evaluated using the
in-memory data. Therefore, calculations can be assumed to be instantaneous with respect
to the time taken to communicate with an instrument.
However, the Python interpreter requires 16 bytes to store a typical numeric value, so a
machine with ten properties being updated ten times per second would use around 100 kB
per minute. To avoid a large memory requirement the amount of data stored in memory
must be limited.
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Figure 2.11 Illustration of data storage within a property object. As new data points are
added to the property object, it writes them all to a log on the hard drive, and retains
the most recent one for quick access to the current value. All of the data from the last
minute are stored for use by calculations that need high time resolution. Old data points
are removed from this storage as new ones arrive. A long-term archive of filtered data is
also kept so that the overall shape of the graph for any time period can be recalled.
For real-time graph presentation and for the purposes of most calculations, a time resolution
of even one second is probably far greater than necessary. If there are a few prominent
features in a particular data set, such as peaks or oscillations, then the precise detail of any
additional noise is generally less important. Therefore, it is possible to filter the data points
as they are stored to pick out just enough values to represent the overall shape of the data.
Each data object keeps a low-resolution archive of all data that has been collected (Fig-
ure 2.11). As new data points are added they are filtered to retain only values that represent
changes of more than 5 % of the current maximum spread. Key maxima and minima
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Figure 2.12 A section of filtered data from the UV absorption during an HPLC run. The
red crosses indicate the key points that were picked out for storage. In this case, the
number of data points was reduced by a factor of 100.
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are also retained to ensure that a reasonably accurate representation of the data is stored
(Figure 2.12).
In summary, there is a balance between the requirements to respond to changes as soon
as they occur, for any calculations to be based on a full set of current data, and for the
programs to operate at as high a speed as possible (minimising any calculation or response
delays caused by latency between the computer and the instrument, or the software and the
hard drive). This is achieved by maintaining current and historic information about each
parameter in the computer’s RAM, so that calculations can be performed instantly without
waiting to receive new data from the instrument.
2.2.3 Command sequences
To run a sequence of commands, a list of steps to be carried out must be defined, similar to
the lines of Python code listed in Chapter 1. However, that code was synchronous: nothing
else could happen whilst the programme was waiting for one command to be completed.||
Instead, such a sequence can be implemented using the event-based system. Once each
command has finished executing,** it triggers an event that starts the next one. The time
taken for a step to complete and become finished depends on the action that it is carrying
out. Switching on a machine will only take as long as is takes the machine to respond,
whereas waiting for 20 hours will take (not surprisingly) 20 hours. Importantly, since
the whole system runs concurrently, multiple sequences can be executed simultaneously,
and sequences can have sections where certain parts run in parallel. Control of each
of these command sequences is performed as a separate task, alongside the background
communication between the virtual and physical instruments.
The sequence is constructed from individual instructions, implemented as Step objects,
which can be linked together. Each one can perform actions or encapsulate logic, or contain
child steps. The step objects keep track of their state, such as ready, running, finished or
error (Figure 2.13).
A control sequence then consists of a connected list of Step objects. By creating Step
implementations for various programming constructs (such as decision making and loops),
|| In Chapter 1, Python’s time.sleep() command was replaced with a function which checked the current
time to decide when to stop whilst monitoring the state of the machine.
** For instance, on receiving a response from the instrument.
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Figure 2.13 Each step keeps track of its state; as soon as it becomes “finished” it triggers
an event that starts the following step.
arbitrarily complex sequences are made possible (Table 2.14). The fact that the system
is built using Python means that any of the large selection of libraries available for the
language — for chemical intelligence,142 statistical analysis143 and computer vision,144
among others — can be used for data processing or decision making.
Table 2.14 Some of the available step types for building sequences.
Command Description
set Set a variable or parameter on a machine.
wait Wait for a specified period of time.
wait_until Wait until a specified calculation evaluates to True.
loop_until Run a sequence repeatedly until a specified calculation
evaluates to True.
do_if Run one sequence if a specified calculation evaluates
to True, or another if it evaluates to False.
log Store a message in the log file.
call Execute a function written in Python.
Control scripts are written in Python, defining the machines to be used, the appropriate
connections and the sequence of operations to carry out. Once all of this is ready, the control
sequence is executed (Listing 2.15). The control sequence may make decisions based on
data collected from the machines — to do this, calculations (for example an expression
such as r.rate < 0) must be evaluated when their value is needed during execution, rather
than when they are defined.
2.2.4 Data manipulation
Ensuring that expressions are evaluated when they are required, rather than when they are
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Listing 2.15 A simple automated protocol using a syringe pump and a temperature
sensor, controlling an exothermic reaction. Each instrument is set up with an appropriate
serial connection, and then the logic is defined. Here the pump will inject reagent at
50 µl/min until the thermocouple registers a temperature rise over 42 ◦C. The pump is
then stopped until the temperature drops to below 38 ◦C. The loop continues until the
experiment is stopped using the user interface. For full documentation, refer to Reference
137.
# Import the necessary libraries
from octopus.runtime import *
from octopus.manufacturer import wpi, phidgets
from octopus.transport.basic import serial
from octopus.transport.phidgets import Phidget
# Set up the machines that will be used
pump = wpi.Aladdin(serial("/dev/ttyS0", baudrate = 9600))
temp_sensor = phidgets.TemperatureSensor(Phidget(12345), inputs = [{
"index": 0,
"type": phidgets.ThermocoupleType.K
}])
# Create a reference to the relevant sensor
temp = temp_sensor.thermocouples[0].temperature
# Define a simple sequence: loop until 1 mL has been added
main = loop_while(pump.dispensed < 1000, sequence(
wait_until(temp < 38),
set(pump.rate, 50), # Only pump while the temperature < 42 C
wait_until(temp > 42),
set(pump.rate, 0)
))
# Start the experiment
run(main)
defined, is an important consideration when making an asynchronous programme using an
imperative language such as Python.145 In Python, the actions of operators like +, * and <
can be redefined so that rather than returning the current value, they return an Expression
object which has the ability to compute the value when required. The expression object
acts like a “magic” variable that keeps itself up-to-date based on the components of the
contained expression (Listing 2.16).
Similarly to the properties of a virtual instrument (Section 2.2.1), an expression needs to
be able to provide trends of its value over a particular time period (because it needs to
behave exactly like a variable). However, there is no need for this data to be stored within
the expression object because it can easily be constructed from the component variables.
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Listing 2.16 After defining an expression, for example temp < 38, the result can be
interrogated at any point, and will depend on the current value of the temp variable.
# Define an expression
>>> expr = (temp < 38)
# The value of the expression depends on the value of the variable
>>> temp
<Stream at 0x2e460d0: temp_sensor.thermocouples[0].temperature (float) = 20.0C>
>>> expr
<LtExpression at 0x2e32ff0: LtExpression_1 (bool) = True>
# Later on...
>>> temp
<Stream at 0x2e460d0: temp_sensor.thermocouples[0].temperature (float) = 41.7C>
>>> expr
<LtExpression at 0x2e32ff0: expr (bool) = False>
>>> expr.value
False
Whenever a trend is accessed on an expression, the trends from the component variables
over the same time period are obtained and the expression is evaluated at each time point to
return the result. This is achieved using the NumPy library146 which can perform efficient
arithmetic over arrays of data. For this to be achieved, the data of each trend has to be
interpolated so that there are data points at regular time intervals. The NumPy library has a
method that can map a data series between different x-values (reversing the data-filtering
process in order to run a calculation: Figure 2.17).
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Figure 2.17 Arithmetic with interpolated values. A and B are data series (large crosses
indicate stored values). To add them, they are interpolated at regular intervals (small dots)
and the result is calculated at each point.
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2.2.5 Pausing experiments
Whilst running flow chemistry experiments, it can become necessary to suspend a running
sequence in order to make manual interventions, for example in order to fix a leak or clear
a blockage. Therefore, a key requirement is the ability to pause a sequence and then resume
it without having to start again from the beginning.
When instructed to pause, each step propagates this command to any child steps, so that
the whole sequence stops running. Crucially, sequences do not run any new steps until a
resume command has been issued, and steps that involve a waiting time pause their timers
so that the full remaining time must elapse after it is resumed again. The machines that are
also involved in an experiment are also sent a pause command, which generally means that
pumps and heaters are switched off, but data are still collected from the sensors.
2.2.6 Error handling
There are a number of errors that may occur during a running sequence:
• Errors in the communication with a machine.
• Loss of connection to a machine.
• Physical machine faults.
• Physical problems with the apparatus.
• Logic errors within a command protocol.
In some cases automatic recovery is possible; for instance, virtual instrument drivers
can include logic to repeat or discard corrupted messages. For more complex problems,
handling logic can be incorporated within the control programme, including recovery
attempts, notifications (for example via an on-screen message or an SMS notification), or
as a last resort, flushing the reactor with solvent and halting the experiment.
2.2.7 Attached control systems
A significant simplification in the implementation of complex control algorithms was
achieved by adding the ability to connect control loops to individual steps in a sequence.
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For example, when attached to a sequence or wait command, a control loop starts and stops
(and pauses and resumes) with this step.
The control loops created initially were Bind, StateMonitor and PID. Bind updates a
variable based on the value of another, optionally transformed by a function, whenever
the master variable changes. StateMonitor executes one sequence and then another as
a specified expression transitions from evaluating from True to False and back. This
functionality is particularly useful for error handling. PID is a form of feedback controller
which adjusts one variable based on changes in another (see Chapter 4).147
The example in Listing 2.15 can alternatively be written using these control loops (List-
ing 2.18). The two aspects of the logic have been separated: the StateMonitor controls
the temperature-dependent reagent addition, while the wait_until keeps track of the
volume that has been added and terminates the StateMonitor at the appropriate time.
2.3 Conclusion
An extensible software package was developed to control diverse elements of laboratory
flow chemistry apparatus. The use of open-source tools should lead to sharing of control
programmes and interfaces for new machines. Furthermore, the relative simplicity of the
Python programming language may enable more researchers to create their own automated
systems with a minimum amount of training.
Whilst this software would not be appropriate for an engineering environment, where
commercial software packages with support contracts are favoured for their guaranteed
reliability, it is ideal for the research laboratory. Here, it is more important for a software
tool to be low cost and have good flexibility than to offer a robust monitoring capability.
A key aspect of this software is that the machine interfaces are abstracted, so that the
researcher does not have to consider any aspects of communication with the instruments,
and algorithms for common operations can be copied between protocols using similar
devices. Common tasks such as remote data observation and complete logging are done
automatically. By enabling researchers to spend less time on laborious and repetitive tasks,
more time can be spent focusing on the chemistry and engineering aspects of a project.
Importantly, control programmes can be easily adapted to employ similar equipment that
may communicate over a different protocol.
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Listing 2.18 The same protocol using an attached control system. This is more powerful
than the example in Listing 2.15, because the sequence will terminate immediately once
1 mL has been dispensed, rather than having to wait for an iteration of the loop’s child
sequence to complete before the expression is evaluated again. Note: there are ways of
accomplishing this without the StateMonitor.
# Import the necessary libraries
from octopus.runtime import *
from octopus.manufacturer import wpi, phidgets
from octopus.transport.basic import serial
from octopus.transport.phidgets import Phidget
from octopus.sequence.control import StateMonitor
# Set up the machines that will be used
pump = wpi.Aladdin(serial("/dev/ttyS0", baudrate = 9600))
temp_sensor = phidgets.TemperatureSensor(Phidget(12345), inputs = [{
"index": 0,
"type": phidgets.ThermocoupleType.K
}])
# Create a reference to the relevant sensor
temp = temp_sensor.thermocouples[0].temperature
# Run until 1 mL has been added
wait_for_addition = wait_until(pump.dispensed > 1000)
# Add the control loop
wait_for_addition.dependents.add(StateMonitor(
tests = [temp < 42],
trigger_step = set(pump.rate, 0),
reset_step = sequence(
wait_until(temp < 38),
set(pump.rate, 50)
)
))
# Start the experiment
run(sequence(
wait_for_addition,
set(pump.rate, 0)
))
A key target for future development involves the creation of a graphical interface for
designing control sequences. A drag and drop interface would open up the technology to
non-programmers with a minimal learning curve.
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3.1 Introduction*
There are two important ways in which software for the rapid prototyping of simple control
systems can augment flow chemistry projects. Traditionally, an experimental protocol
involving multiple devices might require several people to supervise it to ensure that the
required actions, such as starting the different reactors and switching the appropriate valves,
occur at the correct times. In contrast, a computerised control system can provide precise
control of the experimental timing and parameters, and can be designed to handle incoming
information and respond to undesired events in a predictable and consistent manner. (Also,
a computer can perform its task without having to contend with the external distractions
commonly present in a busy laboratory!)
The drawback is that an automated system is only as intelligent as its control programme
and therefore lacks the ability of a skilled scientist to respond to unforeseen occurrences.
Therefore, whilst it is in the scientist’s interest not to have to continually stay next to the
equipment, it is important that they have the ability to observe the state of the system from
wherever they are and to receive alerts or hear alarms if there is a problem that cannot be
rectified automatically.
In this chapter an application of the software control tools described in Chapter 2 is explored,
within the context of the development of hydrolysis techniques using a hydrous zirconia
catalyst.
3.2 Synthesis of primary amides by nitrile hydration
Primary amide moieties are present in a number of biologically-active compounds and
their building blocks. Amide formation is a very common transformation within phar-
maceutical synthesis,149,150 but the standard protocols for achieving this are hampered
by the widespread use of reagents that offer poor atom efficiency.151 One of the most
atom-economical and environmentally-friendly methods for the preparation of a primary
amide is by the hydration of a nitrile.152 Unfortunately, traditional methods can have low
functional group tolerance due to the strong acids or harsh conditions employed. Under
base-catalysed conditions over-hydrolysis is commonly observed since the formation of a
carboxylic acid is kinetically favourable.
* The work described in this chapter is reported in Beilstein J. Org. Chem. (Reference 148).
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Just as with solid-supported reagents (see Chapter 1), heterogeneous catalysis offers a
number of benefits, particularly in flow systems where the catalyst can be contained within
a cartridge.153 Purification is simplified because the catalyst will not contaminate the flow
stream, and it may be possible to use a smaller amount of the catalyst because it can be
recycled more easily. In cases where the activity of the catalyst can reduce during an
experiment, the conversion can be monitored and the cartridge replaced at an appropriate
time.
A number of homogeneous metal-catalysed systems for nitrile hydration have been re-
ported,152 and recent work within our own group has identified manganese dioxide as a
mild heterogeneous catalyst for this transformation.154 Following investigations into the
use of zirconium dioxide for Meerwein-Ponndorf-Verley reductions155 and Oppenauer
oxidations,156 we were interested to find that zirconia was also an effective catalyst for the
hydrolysis of heteroaromatic nitriles.
We had identified piperazine-2-carboxamide (39) as an important 3D building block157
and at the time of writing it was costly to purchase even a racemic mixture of this com-
pound.158 We envisaged that compound 39 could be obtained by a reduction of pyrazine-2-
carboxamide (40), which could itself be prepared by a catalytic hydration of pyrazine-2-
carbonitrile (41) (Scheme 3.1).
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Scheme 3.1 Two step approach to piperazine-2-carboxamide via metal oxide catalysed
hydrolysis followed by metal catalysed reduction.
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3.2.1 Hydration under flow conditions
Optimal reaction parameters for the hydration of nitrile 41 (Scheme 3.2) had previously been
determined by Dr Claudio Battilocchio. An in-line infrared spectrometer (Mettler-Toledo
FlowIR) was used to measure the conversion of the nitrile to the amide.
hydrous
zirconia
100 ºC
100 psi
R1
N
N
NH2
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N CN
8:1 EtOH/H2O
0.1 mL/min FlowIR41 39
Scheme 3.2 Optimum reaction parameters for the zirconia hydration. Compound 42
is infused into a heated glass column containing zirconium hydroxide. An in-line IR
spectrometer is used to measure the degree of conversion.
A sensor with a silicon window (SiComp) was employed so that the nitrile stretching
frequency could be observed.† In a normal reaction, only absorptions from the product are
observed; characteristic signals are seen at 1685 cm−1 corresponding to the amide C−O
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Figure 3.3 Infrared absorbance profile of the reactor output during a 3 hour process,
indicating the slug of material passing through the reactor column. The response reaches
a maximum after approximately one column volume (approx. 1 mL) with a small degree
of dispersion. In this case, absolute ethanol without additional water was used as the
solvent so the reaction stopped once the water intrinsically contained within the hydrous
zirconia was exhausted. This fall-off also occurred over approximately one column volume,
indicating a low retention of material by the heterogeneous bed.
† Frequencies in the range 1950 – 2250 cm−1 are normally masked by C−C stretching within the standard
diamond-windowed (DiComp) sensor.
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bond stretching frequency, and at 1051 cm−1 in the fingerprint region. These could be used
to observe the reacted materials exiting the zirconia column (Figure 3.3).
We envisaged that a protocol incorporating automated monitoring and control using data
from the IR spectrometer, could assist with the processing material over a long period of
time.
3.3 Reaction control and monitoring
In a manufacturing plant, the concept of process analytical technologies (PAT) refers to the
observation of key parameters by sensors and analytical devices installed into the reactor
equipment.159 In some cases a continuous process will have a greater number of more easily
observable parameters than a comparable batch process. In addition to chemical analyses
of the products there are numerous other properties that can be monitored to characterise
the system. A continuous process can be defined by parameters such as the flow rate of
the inputs, the temperature of the reactors, and the pressure of the system. Electronic
measurements can also be useful; for example, in some continuous processing plants the
voltage across a pump can be used as a proxy for the pressure and flow rate. An increased
voltage requirement might imply a pressure spike, or a lower voltage a pump failure.
Generally, if the reactor conditions stay within acceptable limits (for example, if the flow
rates and reactor temperature are consistent, and there are no sudden pressure changes)
then the output can be assumed to be of the desired quality. Laboratory processes could
potentially benefit from similar systems.
The devices depicted in Scheme 3.2 were connected to a computer (Figure 3.4a) and a
selection of parameters was monitored using a simple control script that performed two
functions. At the start of a run the column heater was powered on, and the reagent injected
as soon as the temperature was stable. During the run, the output valve was controlled
based on the PAT measurements reported by the Vapourtec R2+/R4 and the FlowIR.
The infra-red absorbance represented the conversion at the exit point of the reactor, so
readings outside the defined acceptable range were set to trigger immediate changes to the
valve. Problems in the pressure (indicating flow rate changes) or the temperature could
affect the conversion for one whole column volume and so this was set to stop collection
for a longer time (Figure 3.4c).
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Figure 3.4 (a) Reactor and control setup for the continuous process. (b) Photograph of
the apparatus as used. (c) Control sequence: the solid lines connect the commands that
are to be executed in sequence.
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Figure 3.5 Selected data collected over a three-hour reaction simulating a long process.
The infra-red absorbance shown is that at 1685 cm−1, which is indicative of the amide
bond in compound 40. The thick bar represents the time during which valve V1 was set to
direct the output to the collection vessel. The pressure drop at 1.5 h caused the control
system to direct the output to waste until one column volume (a pre-configured waiting
time) after the pump had been manually re-primed.
To test this behaviour, an air bubble was introduced into the reagent stream. This caused
the pump to stop, creating a loss of pressure (Figure 3.5, at 1.5 h). The pressure drop was
detected, triggering an interruption in the collection until one column volume after the
problem had been rectified by manually priming the pump. Finally, after injection of the
reagent had ended, collection stopped automatically by the same mechanism as soon as the
output signal fell below a threshold .
3.4 Automation of multiple experiments
With pyrazine-2-carboxamide (40) in hand, initial testing showed that reduction of this
compound to pyrazine-2-carboxamide (39) could be performed in an H-Cube hydrogenation
reactor.
When working with a new reaction it is common to investigate the effects of the different
variables. Interest is building in the concept of automatic optimisation.104,105,111,113,160
Parameters can be varied gradually using different mathematical methods such as simplex
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algorithms161,162 in order to approach a maximum or minimum of some metric (for example:
conversion, yield, maximum yield with lowest temperature and time, and so on). Initially,
we had hoped to apply such a methodology to these reactions, but unfortunately this turned
out to be impractical for two reasons. Firstly, each iteration was very slow (30 to 60 minutes)
due to the long stabilisation time required for the H-Cube to reach steady state, the slow
reaction rate and the large dead volume within the heterogeneous column. Secondly, many
of the available parameters were limited to a set of discrete values (for example, the column
temperature could only be set in units of 10 ◦C). In this situation, simple linear optimisation
methods are difficult to apply,163 and more advanced machine learning techniques would
have been required.
Instead, we decided to employ a Design of Experiments method164–166 to investigate
which of the available parameters were more important for determining the conversion and
selectivity of this reaction. A two-level factorial design with three parameters (temperature:
40 ◦C and 100 ◦C; H2 pressure: 20 bar and full hydrogen mode; and flow rate: 0.1 mL/min
and 0.2 mL/min) suggested 16 experiments: two repeats each of eight sets of conditions.
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Figure 3.6 (a) Reactor setup for the optimisation process. A ten-position valve was
included to enable collection of nine different samples. (b) The control sequence ran over
an experimental subroutine for each of a pre-programmed list of conditions.
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This would have been laborious to carry out manually, but multiple similar experiments can
be performed easily using an automated protocol.
The control of a Knauer HPLC pump, the H-Cube reactor and a ten-port switching valve
(V2) (Figure 3.6) was combined into a single programme, allowing up to nine reactions to
be performed in sequence. In each iteration, the parameters of the reactors were adjusted
to the desired set of conditions, and then a sample was taken once steady state was
reached. Two major reduction products were observed: 1,4,5,6-tetrahydropyrazine-2-
carboxamide (43; Scheme 3.7) and fully-reduced pyrazine-2-carboxamide (39). The
carbonyl stretching frequencies of these two amides were not individually resolvable
using the FlowIR (this instrument reported absorption maxima at 1651 and 1695 cm−1
respectively). The secondary frequencies had only low intensities, so unfortunately infrared
spectroscopy was not adequate for analysis of the reaction mixture. Therefore, the samples
were subsequently analysed by NMR to quantify the results.
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H2 NH2
H
N
N
H
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Pd/C
H2
40 43 39
Scheme 3.7 Reduction of the pyrazine ring is likely to occur in at least two steps.
Intermediate 43 was also observed in the reaction output under some hydrogenation
conditions.
To quantify each sample, four parameters were calculated (Table 3.8): the degree of
conversion, based on the amount of compound 40 remaining; the amount of the desired
product 39 formed; and an estimated amount of undesired compounds, based on the
integration of prominent by-product peaks visible in the NMR spectra (a doublet at 3.8 ppm
and a triplet at 3.2 ppm, the first corresponding to compound 43 and the other to another,
unidentified compound) relative to the integration of compounds 39 and 40. As expected,
the hydrogen pressure had the most significant effect on the conversion. The temperature
and the flow rate had smaller effects, although the combination of higher temperatures and
lower flow rates gave a higher purity output because intermediates such as compound 43
are fully reduced. For maximum efficiency further hydrogenation procedures were carried
out at the lower flow rate of 0.1 mL/min and the higher temperature of 100 ◦C.
With both steps running smoothly, we turned our attention to the development of an
integrated synthetic process.
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3.5 Integration of two steps
3.5.1 Intermediate reservoir
When running a batch of experiments such as those performed in the previous section,
the problem of resource management is commonly encountered. The amount of starting
material required must be calculated based on the anticipated number of experiments. This
is an even greater challenge when performing an automated optimisation procedure, as the
number of experiments is unlikely to be known in advance. If the starting material has
to be synthesised then production of a large excess of material may lead to wasted time
and materials. It may be more efficient to make the intermediate in situ and then use it
immediately for the automated step under each set of conditions.
However, this would normally require that the first and second steps are compatible, for
example by having the same flow rate. A make-up pump (Figure 3.9) could be introduced
to vary the flow rate in the second step — but this would limit the minimum flow rate for
the second step, as well as altering the concentration of the reagents.
Step 1
Step 2
make-up pump
waste
Figure 3.9 A second pump can only add material, which affects the concentration. The
lowest possible flow rate for step 2 is determined by the flow rate of step 1.
We envisaged that a simple camera-based liquid-level sensor could be used to create a
reservoir that would hold a small quantity of the intermediate solution. The start of the
following reaction could then be delayed until sufficient material had been collected in the
reservoir.
Following previous work using visual observation methods to measure a phase boundary
for continuous separation92,167 we anticipated that a similar method could be applied to
measure the level of any solvent within a reservoir. By adding an air-filled float made
from a standard disposable syringe168 the liquid level could be measured using a camera
(Figure 3.10). The camera was connected to a computer by USB and integrated into the
control system using SimpleCV,144 an open-source computer vision library for the Python
programming language.
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input output
webcam
Python
SimpleCV
a b
Figure 3.10 (a) A laboratory flask was converted to a reservoir by adding a coloured
float and an inlet tube for the pump. A camera observed the float to measure the liquid
level within the flask. (b) Photograph of the apparatus. A sheet of white plastic created
contrast between the float and the background, and ensured that no other green objects
that could disrupt the reading appeared in the field of view.
The programme collected an image from the camera at regular (1 s) intervals and the images
were interpreted by a computer-vision algorithm (Figure 3.11). By subtracting the red
channel from the green one, the float is highlighted and its position reported. The distance
from the bottom of the image represented the volume of liquid in the flask, which was used
as part of the control algorithm (see Section 3.5.2).
This apparatus has a number of advantages over traditional liquid-level detectors such as
ultrasonic, pneumatic or capacitance sensors, optical or air-bubbler detectors, or floats with
mechanically or magnetically actuated switches. Since the only part in contact with the
liquid is the float, which can be exchanged for different materials, there is less concern
about chemical compatibility because none of the electronic components are in contact
with the reactive solution. It is also a more universal method because the solvent does not
need to be conductive and standard laboratory equipment (flasks) can be easily retrofitted
with a float, rather than requiring the design of a bespoke vessel.
Furthermore, the introduction of a reservoir disconnects one step from the next, allowing
the reactors for different phases to be started and stopped independently. It also enables the
introduction of workups and solvent-switches between steps (see Chapter 4), improving the
flexibility of optimisation procedures.
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Figure 3.11 Computer-vision image processing. The image (a) is separated into red (b),
green (c) and blue (d) components, or channels. There is a much lower intensity of red
in the region of the float and this shows up as a dark area. Subtracting the red channel
from the green (e) highlights this area whilst filtering out the background (grey and white
areas have similar amounts of each colour). In contrast, the result of green – blue (f)
does not show any significant features. A threshold filter (g) picks out the most significant
areas, and then an erosion filter (h) removes smaller artefacts. The remaining blobs are
recognised using the computer vision tool and the vertical position of the centre of the
largest (by area) is measured as the height of the float. Note: the lower five images are
shown with inverted colours for clarity.
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3.5.2 Combining synthesis and DoE
Introduction of the reservoir and the liquid-level sensing logic into the original control
programme allowed the two steps to be combined (Figure 3.12, Figure 3.13). The maximum
solution required for a single hydrogenation experiment was approximately 6 mL, for which
the float height was measured in advance. An experiment was performed only when the
liquid level in the reservoir was above this threshold.
EtOH / H2O
0.2 mL/min hydrous
zirconia
100 oC
20 min
R2
V1
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P1
waste
samples
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Figure 3.12 Reactor setup for the two-step DoE process. The intermediate was collected
in the reservoir, and once the liquid level had risen over a predetermined threshold a
hydrogenation experiment was performed.
Additional monitoring logic was required so that valve V1 would stop directing material
to the reservoir if the liquid level rose too high. This would also trigger an SMS notifica-
tion, since it would indicate a problem with pump P2 that was likely to require manual
intervention.
3.5.3 Extended run
This control programme was extended to perform a long synthetic run using the same
reactor configuration (Figure 3.12) by removing the multiple experiment logic and fixing the
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Start
Start pump at 0.1 mL/min
Stop pump
Set ow rate to 0.2 mL/min
Set heater to 100 ˚C
Wait until temperature > 95 ˚C
Set pressure limit to 25 bar
Set input to reagent
Set input to solvent
Power o reactor
Set valve to waste
Set valve to collect
Switch on column heater
Wait for pressure and
temperature to build up
Switch on hydrogen
Wait for hydrogen to be
released
Switch o H-Cube
Wait for 30 minutes
(H-Cube dead volume) Alert chemist if any of the
pumps lose pressure
Wait until IR shows good
conversion to intermediate
Wait until reservoir contains 
enough solution to continue
Wait until reservoir is almost
used up
If IR response of intermediate
falls too low
Switch to waste until the IR
response returns to normal
If column temperature falls
below 95 °C or pump pressure
uctuates
Wait for 2 hours, or until the
reservoir gets close to being full
Wait for 40 minutes 
(dead volume of zirconia 
column + connecting tube)
Wait until input switches 
back to solvent
Collect output
If H-Cube temperature falls
below 95 °C
Stop collecting output until
30 min after temperature 
returns to normal 
(H-Cube dead volume)
Stop collecting output
End
Switch to waste until one 
column volume after the system 
has returned to normal
Figure 3.14 Control sequence for the two-step continuous process.
hydrogenation parameters to the optimised values of 0.1 mL/min and 100 ◦C (Figure 3.14).
The flow rate of the hydrogenation was limited by the performance of the H-Cube reactor,
which would ideally be replaced with a higher-throughput equivalent. Nevertheless, this
procedure demonstrates how two steps with disparate flow rates can be joined in sequence.
In this case the hydration/hydrogenation sequence was run for 14 hours (Figure 3.15), with
the first step running until the intermediate reservoir was full, and then shutting down.
However, we envisage that this protocol could be extended to a longer sequence where the
first step would run for only half the time, to keep the reservoir topped up. The size of the
reservoir could be adjusted to minimise the amount of stored material and the amount of
material wasted during startup and shutdown of the first reactor.
3.6 Conclusion
The Python software developed in Chapter 2 was applied to a controlled two-step synthesis
of piperazine-2-carboxamide (39).148 Over 14 hours, 7.3 g (95 %, 99 % purity) of 39
was produced. We were able to integrate the devices from different manufacturers and
define time- or event-triggered transitions between different stages of the experiment, and
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Figure 3.15 Selected parameters as observed over a 15 hour reaction. The output from
the hydrolysis step is directed into the reservoir as soon as the infra-red absorption at
1670 cm−1 passes a pre-defined threshold. When enough of the intermediate has been
collected, the H-Cube is powered on and the hydrogenation is started. The hydrolysis is
stopped after the reservoir fills up, while the hydrogenation continues until the intermediate
has been used up.
responses to events such as pump failures. Data from each device were logged so that the
performance of the system could be evaluated after an experiment. The software provided
real-time feedback via its web interface so that the system could be left to carry out the
experiment unattended. Having established the utility of the software control for this
process, we investigated the control of more complex reactor configurations.
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Chapter 4
An integrated flow synthesis of
2-aminoadamantane-2-carboxylic acid
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4.1 Introduction
Flow chemistry has the potential to enable moderate scale-up operations within the research
laboratory. Greater efficiency can be achieved by creating integrated multi-step processes
which are designed such that material produced in one stage can be used directly in the next,
reducing the requirement for manual intervention between steps.169 Continuous processing
is one good way to carry out such procedures, because by making the appropriate fluidic
connections material can move directly from one reaction vessel to the next. However, the
continuous processing of a sequence of synthetic steps (often referred to as “telescoping”)
creates similar challenges to the design of one-pot reactions in batch mode.170
4.1.1 Challenges of telescoped reactions
Chemical compatibility and purification
In order to connect two chemical transformations in sequence, either as a one-pot batch or
a telescoped flow process, the output of the first reaction must be chemically compatible
with the second. This output is likely to contain spent reagents and by-products, which
must be removed unless they are compatible with the conditions of the next reaction. For
this reason, batch protocols nearly always include work-up or solvent extraction operations,
or purification of the desired intermediate by chromatography or crystallisation.
A particular challenge for a flow system is that the compatibility of the solvents between the
two steps must also be considered. In a batch method it is usually straightforward to change
the solvent between steps; in flow this is not trivial, because by its nature the materials must
generally be kept in solution.
Flow rates and dilution
The introduction of flow streams for quenching the reaction output or for reagent addition
will lead to an increase in the flow rate within the system, and dilution of the reagents, as
more solvent is added (Figure 4.1). The higher flow rate will mean that reactors with larger
volumes will be required for later steps, and this effect may make some multi-step processes
impractical unless some of the solvent can be removed to concentrate the reagents and
reduce the flow rate.
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0.33 M 
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0.25 M 
Figure 4.1 Dilution of reagents and increase in flow rate as additional streams are added.
It is also important to start the pumps involved in the downstream processes at the correct
times, because otherwise the solvents and reagents for the later stages will be wasted whilst
material moves through the earlier steps (Figure 4.2). The addition of an in-line detector to
identify when a reaction plug is exiting from one reactor can allow the next reagent to be
matched (both temporally and stoichiometrically) so that an appropriate amount of material
can be used.
No need to start this pump
for the rst ~ 20 min
(depending on dispersion)
20 min
Figure 4.2 Reagents are wasted when downstream pumps are started before the reac-
tion plug has passed through previous stages.
Solutions
The use of solid-supported and heterogeneous reagents has produced a number of elegant
multi-step flow chemistry procedures,25,51,171,172 but unless these reagents are used catalyti-
cally then the limited quantity of reactive material in any cartridge can make this technique
unattractive. A solid reagent cartridge must be replaced when it is exhausted, whereas
liquid or gaseous consumables can be added and removed continuously making the process
easier to operate. Furthermore, the high cost of some polymer-supported reagents can be
prohibitive when large quantities are needed.
Continuous workup operations such as solvent extraction,173 filtration,174 distillation175
and evaporation176 are well established when working on a large (manufacturing) scale, but
the application of these techniques into a bench-top device presents a number of challenges.
These generally result from the formation and handling of solids and slurries within the
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system.177–179 The reduced dimensions of the equipment mean that any solid particles that
form are much larger in comparison to the pumps and channels. In addition, precipitates
can create blockages much more rapidly, and the smaller pumping equipment is often more
susceptible to damage or disablement by even very fine suspensions.
Continuous solvent extraction is well-developed on the laboratory scale. There are a number
of reported methods utilising hydrophobic membranes,180–182 settling tanks,92 selectively
wetting channels183 or counter-current flow.184 With two of these devices in succession, it
can also be possible to achieve a solvent exchange by passing materials from an organic
phase into an aqueous phase, and then back into another organic stream.180
Our group has recently developed an in-line solvent evaporator based on nebulisation of a
liquid stream within a heated chamber.185 This may offer one solution to the removal of
volatile solvents or in-line concentration of streams to reduce the dilution effect.
Tools for continuous (multiplexed) chromatography are commercially available, though
expensive; and continuous crystallisation methods have been reported186,187 although the
resulting slurry must then be processed.
Software control can be used to time reagent addition to minimise waste,89 to ensure
that each step is run at the correct time, and to monitor for any problems that arise and
either make corrections or alert the operator. In this chapter the application of downstream
processing techniques and software control systems to multiple step chemistry involving
work-up operations is discussed, using the example of a recently reported synthesis of
2-aminoadamantane-2-carboxylic acid (44, Figure 4.3).188
H2N
O
OH
Figure 4.3 2-aminoadamantane-2-carboxylic acid (44)
Our group had originally become interested in the synthesis of this unnatural amino
acid during investigations into the synthesis of probes for neurotensin receptors 1 and
2.189 As part of a programme to synthesise large quantities of adamantane-containing
compounds,190,191 effective methods to prepare the key component 44 on a large scale were
developed.
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4.2 Previous synthetic routes
4.2.1 Reported batch–mode syntheses
Previously-reported methods to access 2-aminoadamantane-2-carboxylic acid include a
Bucherer–Bergs reaction as employed by Nagasawa and co-workers192 (Scheme 4.4, con-
ventional conditions), involving heating with sodium cyanide to form a hydantoin (45) that
could be directly hydrolysed to the desired amino acid. However, our group was unable
to isolate this compound with reasonable purity either using the original conditions, or
modified microwave processing conditions (Scheme 4.4, microwave conditions), due to a
high degree of inorganic impurities.188
H2N
O
OHO
N
H
NH
O O
NaCN
(NH4)2CO3 NaOH
a b
46
45
44
Scheme 4.4 Bucherer–Bergs routes to amino acid 44. Conventional conditions: (a)
NaCN (2 equiv.), (NH4)2CO3 (1.5 equiv.), EtOH, 170
◦C, 170 psi, 3 h (99 %); (b) 1.25 N
NaOH, 195 ◦C, 250 psi (pressure vessel), 2 h (94 %). Microwave conditions: (a) NaCN (2.2
equiv.), (NH4)2CO3 (1.5 equiv.), 3:1 EtOH/H2O, 170
◦C, 150 psi (sealed vial), 2 h (94 %);
(b) 1.25 N NaOH, 175 ◦C, 3 h (71 %).
A second route attempted was based on a Strecker reaction as inspired by Commeyras193
and Edward.194 The nitrile product generated by treatment of the ketone with sodium
H2N
CO2H
O H2N
CN
HN
CN
Ph
O
HN
CO2H
Ph
O
NaCN, NH3,
NH4Cl
EtOH / H2O
(68 %)
HCl
THF / H2O
25 °C, 5 min
(93%)
HCl
AcOH / H2O
reflux, 30 h
(65%)
PhCOCl
K2O3
THF / H2O
25 °C, 1 h
(52%)
46 47 48
4944
Scheme 4.5 Edward’s Strecker route to amino acid 44.
80 An integrated flow synthesis of 2-aminoadamantane-2-carboxylic acid
cyanide was hydrated using a milder method than in Nagasawa’s route. Reaction of
nitrile 47 with benzoyl chloride gave an α–amide; under acidic conditions this compound
underwent hydrolysis to afford intermediate 49, which could be hydrolysed to give the
amino acid (Scheme 4.5). However, a significant drop in reaction yield and purity was
noticed when this reaction was performed at scale.188
4.2.2 First generation flow–mode synthesis
To overcome these problems, our group reported188 a flow synthesis, involving five separate
stages: an initial Grignard addition, followed by a Ritter reaction, cyclisation, ozonolysis
and hydrolysis (Scheme 4.6).
The Grignard addition of ethynylmagnesium bromide (50) to adamantanone was performed
in THF at 40 ◦C, and the product was subjected to an in-line aqueous workup to quench the
resulting magnesium salts. Under the continuous conditions the temperature of this exother-
mic process was controlled effectively. This was an important consideration because the
product 51 had been found to be liable to thermal decomposition at elevated temperatures.
Subsequently, compound 51 was subjected to strong acidic conditions in an acetonitrile
solvent to effect a Ritter reaction.17,195 The output was quenched by simultaneous addition
of ethanolic potassium hydroxide to the collection tank. After filtration, the resulting basic
solution could be used directly for the 5-exo-dig cyclisation by pumping though a coil
heated to 120 ◦C.
Cyclic intermediate 53 was subjected to ozonolysis using a biphasic gas / liquid system, and
the resulting ozonide quenched using a polymer-supported thiourea25 to provide azlactone
54. This could either be used directly as a coupling reagent196 or subjected to acidic
hydrolysis to afford the amino acid 44.
The scope of the chemistry for this flow synthesis had been thoroughly established during
the first-generation synthesis.188 However, a number of manual work-up operations were
required which prevented the steps from being combined into a single sequence. The aim
of this work was to use our knowledge of the process to integrate the chemistry steps to
produce a single sequence. We envisaged that recently developed in-line workup techniques,
along with appropriate automation and control, could be employed to achieve this.
The main obstacles that were identified are highlighted in Scheme 4.6. The Grignard
reagent 50 used in Step 1 was only commercially available in tetrahydrofuran (THF), which
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Step 1: Grignard
Step 4: Ozonolysis
Step 3: Cyclisation
Step 5: Hydrolysis
Step 2: Ritter
1A
2A
3A
4A
3B
2B
4B
1B
1C
1D
Reagent is only available in THF. 
THF solvent is incompatible
with the Ritter step.
Aqueous work-up is required 
to quench and remove 
magnesium salts.
Acid must be quenched.
Produces large quantity
of insoluble salts.
Base must be
neutralised 
before the acid
hydrolysis in 
Step 5.
Stoichiometric
thiourea to 
decompose 
the ozonide.
40 min sonication
40 oC
0.5 M THF
NH4Cl (aq)0.20 mL/min
0.5 M THF
0.18 mL/min
40 psi
O
MgBr
HO
aqueous extraction
remove THF solvent
7 min
30 oC
MeCN / AcOH3 M KOH
40:1 EtOH / H2O
3 mL/min
1 mL/min
1 mL/min
HO
H2SO4,
AcOH, Ac2O50 min
120 oC
0.3 mL/min NH
O
100 psi
lter
remove base
O3
ozone generator
500 mL/min
(7–10% O3 ; 2–3 mmol/min)
Ar, O3
Ar
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ozonolysis reactor
O2
N O
N
H
NH2
S
QP-TU
CH2Cl2
4 mL/min
0.3 mL/min
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150 oC
AcOH
0.4 mL/min
0.4 mL/min
HCl,
AcOH, H2O
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O
H2N OH
O 100 psi
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Scheme 4.6 Overview of the first-generation flow route to compound 44.188 The main
obstacles to an integrated continuous sequence are highlighted. Isolated yields obtained:
Step 1, 106 g, 90 %. Step 2, 22 g, 91 %. Step 3, 8.2 g, 91 %. Step 4, 6.7 g, 95 %. Step 5,
6.3 g, 94 %.
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is incompatible with the Ritter reaction in Step 2. Initial experimentation showed that
a solvent exchange from THF to acetonitrile was possible using an in-line evaporation
device,185 which we considered to be preferable to manually changing the solvent of the
Grignard reagent.
The Grignard reaction produces magnesium salt by-products that must be removed by an
aqueous extraction. Furthermore, each step requires different pH conditions: Step 1 in
base, Step 2 in acid, Step 3 in base and Step 5 in acid; so multiple quenching operations
are needed. Finally, the first generation synthesis employed a stoichiometric quantity of
solid-supported thiourea to decompose the ozonide intermediate, which we hoped to avoid.
We turned our attention first to a Grignard reaction and aqueous extraction sequence.
4.3 Grignard reaction and aqueous extraction
The output of the Grignard reaction consisted of salt 55 in THF, along with any unreacted
reagent 50. To perform an aqueous quench and extraction, this stream must be combined
with an aqueous stream, mixed and then separated (Scheme 4.7).
Organic
0.3 mL/min
phase separatorcontactor
HO
BrMgO
Aqueous
0.5 mL/min
aqueous waste
mixer55
51
Scheme 4.7 Liquid-liquid extraction involves combination of the aqueous and organic
streams at an appropriate mixer (see Section 4.3.4) followed by phase separation.
4.3.1 Mixing
The first-generation procedure (Scheme 4.6) involved a standard tee connector ( 0.5 mm,
PEEK) immersed in a sonication bath to prevent aggregation of the magnesium salts upon
mixing. Indeed, without the sonication bath the tee mixer blocked within 10 minutes. Use
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a
mixing zone
biphasic streamorganic stream
aqueous stream
1/8” OD, 1/16” ID 
PTFE tubing
1/8” tee union
1/16” OD, 1 mm ID 
PFA tubing
1/8” OD, 2.4 mm ID 
ETFE tubing
1/8” OD, 1/16” ID
PTFE tubing
b c
Figure 4.8 (a) Schematic of the tube-in-tube mixer, constructed using a Swagelok tee
connector and Swagelok reducers. (b) Photograph of a tube-in-tube mixer. (c) A vibrating
micromotor that can be attached to the mixer to reduce precipitate aggregation.
of a wider-bore tee mixer (Omnifit,  1.5 mm, PTFE) worked for a longer period (30 – 60
minutes) before becoming blocked.
Introduction of a tube-in-tube mixer (Figures 4.8a, b), emerging into a wide-bore tube
(R2,  2.4 mm, ETFE) provided a more robust solution that could run for around an hour
before precipitates caused a catastrophic pressure increase. Precipitation occurred within
the inner tubing as traces of water ingressed against the flow. It was found that a more
compact alternative to an ultrasonic bath for preventing aggregation was the attachment of
a vibrating micromotor (Figure 4.8c) to the tubing just after the tee mixer; the vibration
displaced the precipitates, which were then dissolved by the aqueous stream. With this
device in place, the mixer was able to operate continuously for over 6 hours.
This mixer was configured so that the inner tubing protruded at least 5 cm into the wide
tubing. The aqueous flow around the inner tubing displaced solids adhering to the end of the
inner tubing. Slicing the inner tubing at an angle to create a tapered end and thus potentially
a larger contact area had no noticeable effect on the traces of precipitate remaining at this
point. Without the precipitation, the mixer was found to operate best when the outlet was
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Figure 4.9 Orientation of the tube-in-tube mixer. Since the organic solvents in this
system (indicated by yellow shading) were less dense than water, the organic phase may
have risen towards the tee body if the mixer was oriented downwards. However, if the
mixer was oriented upwards then the precipitates could fall towards the tee body. An
inverted-U configuration was the most effective, because the organic phase did not move
backwards and the solids fell away from the mixer.
inclined upwards so that the organic phase would tend to rise away from the tee connector.
However, when precipitates were formed they tended to fall back towards the tee body,
disrupting the aqueous flow. A better arrangement involved an inverted U-bend in the
tubing so that any organic bubbles which moved backwards would travel no further than
the apex (Figure 4.9).
4.3.2 Contactors
When a biphasic system is formed, it is important to ensure that effective contact occurs
between the two phases, for complete extraction.183 Contactors effective in laboratory scale
continuous processing include static mixers, dynamic mixers, or slug flow in a capillary.
In a static mixer, the flow stream passes through a packed column which disrupts the flow.
In a dynamic mixer the flow stream moves past an agitating device such as a magnetic bead
contained within the flow tube or column.92,178 Biphasic slug flow creates a mixing effect
due to internal circulation within each slug.183,197
Without using wide-bore tubing, we did not have magnetic beads in an appropriate size to
create a dynamic mixing effect. Due to the solid particles present, use of a capillary was
not suitable, but we anticipated that circulation within the slugs as they passed though R2
would provide a good degree of mixing. Fortunately, we later found that a filtration device
was necessary which turned out to provide an additional static mixing effect.
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4.3.3 Filtration
Whilst the majority of the salts formed during quenching of the Grignard reaction output
were removed by the aqueous stream, a very small quantity of insoluble salts were formed
and persisted within the flow stream. These created blockages in the phase separation and
evaporation steps, and so a filtration mechanism was included to capture them.
Addition of a 50 µm filter into the flow stream was ineffective because even a large filter
became blocked by particulates. Instead we envisaged the use of a filtration cartridge
with varying degrees of filter, which could accumulate the precipitates without becoming
blocked.
A number of potential filtration media were identified which could be loaded into a glass
column: cotton wool, glass wool, celite, sand, charcoal or glass beads (Figure 4.10). Cotton
wool became compacted and then blocked after approximately 4 hours. A glass wool plug
was more robust and collected the precipitates without becoming blocked over several runs
(up to 10 hours). Although it might have been possible to perform an occasional acidic
flush to remove the accumulated particulates, glass wool is hazardous to handle, proved to
be difficult to pack into the column, and the plug introduced a large dead volume into the
flow system.
We were concerned that sand might leach iron into the system, so instead we evaluated the
glass
wool
plug
frit small
glass beads
medium
glass beads
large
glass beads
charcoalcelite
Figure 4.10 Filter cartridge configurations. (1) A cartridge containing a frit, creating an
aqueous chamber through which the organic phase passed. The frit blocked rapidly. (2) A
glass wool plug caught larger particles to protect the frit, but there was still a large dead
volume. (3) Small glass beads were not stable under the flow conditions and migrated
downwards. (4) Celite did not migrate but had undesirable packing within the column. (5)
A charcoal powder bed provided effective filtration. The glass beads kept the charcoal
powder in place.
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use of glass beads of a comparable size to the sand particles (53 – 106 µm). A three-layer
column was prepared, with a top layer of the small beads, an intermediate layer of medium
beads (0.5 – 0.7 mm) and a bottom layer of large beads (4 mm); under static conditions
each layer held the one above in place. However, when the slug-flow stream was applied,
the top layer seemed to fluidise, causing mixing of the differently-sized beads such that the
smallest ones migrated towards and out of the bottom of the column.
We anticipated that smaller particles were more likely to pack than migrate, and so different
materials were evaluated in place of the smallest glass beads. Celite powder198 remained in
place as desired, but seemed to aggregate upon wetting forming channels through which
the majority of the flow stream passed. Charcoal powder199 was much more effective, since
it was easy to load into the column, it stayed in place without packing, and it collected
the small particulates without blocking. The glass beads collected the larger particles and
prevented the charcoal from falling down the column. Although charcoal is more likely to
be chemically active than the other options, we did not expect this to be a problem since
the adamantane-containing compounds are not aromatic.
Pleasingly, this column also provided good mixing, and the biphasic stream emerging from
the top of the column was separated into very small slugs. 1H NMR analysis of the aqueous
phase after separation could not detect any of the product 51, and removal of the solvent
from the organic phase left no inorganic salts, indicating that the quenching and extraction
were effective.
4.3.4 Separation
We chose a gravity-based separation method,92 whereby the biphasic stream is directed
into a reservoir (S1) where the phases separate under gravity. A pump (P4) withdraws the
lower aqueous layer, allowing the organic layer to escape from the top (Figure 4.11). When
performed in an Omnifit glass column this can operate under pressure,200 and the lack of a
membrane means that it is robust to small quantities of solid formation.
Unfortunately, under continuous operation, the THF / water solvent mix proved to be highly
miscible and the phase separation was not effective: there was no visible meniscus and
a significant quantity of the product (51) passed into the aqueous stream. The use of a
concentrated salt solution instead of water did not create any significant improvement in
the separation, so alternative solvent mixtures for the Grignard sequence were investigated.
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75 psi
Sat. NH4Cl (aq) / H2O(3:1 v/v)
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webcam
40 psi
250 psi
organic out 
aqueous out
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0.5 M THF
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0.27 mL/min
40 psi
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15 mm Omnit
column xed end 
tting with O-ring.
PTFE; no frit.
Drilled and tapped 
to match Omnit
screw thread.
Upchurch Scientic
pressure-release valve
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to 1/8”.
21G needle inserted
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Figure 4.11 (a) Grignard reaction and liquid-liquid extraction apparatus. For the solvent
extraction, the aqueous and organic streams are combined at tee mixer M2, and then pass
through a wide-bore tubing (R2) and the filtration cartridge into the phase separator (S1).
The high-pressure BPR on the lower exit prevents material being forced through pump P4.
The low-pressure BPR on the upper exit acts as a check valve to prevent back-flow. (b)
Construction of the tee fitting for the bottom port of the phase separation chamber.
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Use of diethyl ether as a solvent for the stream of adamantanone (46) led to very good
separation, but low solubility of compound 51 in a THF / Et2O solvent mixture resulted in
increased precipitation in the reactor and aqueous mixer (Table 4.12). Addition of toluene
led to improved solvation of the product, and also a less compressible solvent system which
could be pumped more reliably. A 3 : 2 (v/v) mixture of toluene / Et2O was found to provide
a good balance of solvation, immiscibility with water when combined with the THF stream,
and sufficient volatility to allow the solvent-switch into acetonitrile.
Table 4.12 Solvent conditions for the adamantanone stream in the Grignard reaction.
Both THF and toluene are readily removed under the nebulising conditions.185
Solvent mixture Outcome
THF High miscibility with water.
Et2O Poor pump operation due to high compressibility.
Low solubility of the starting material.
Toluene Low solubility of reaction products.
Toluene / Et2O (1 : 1 v/v) Some precipitation of starting material.
Toluene / Et2O (3 : 2 v/v) Good solubility.
Although the use of Et2O is undesirable,
201 it was necessary when using this equipment
configuration because volatile solvents were required for a practical solvent exchange
operation.
Extractor control
As in the originally reported phase separation system,92 the separation tank was observed
using a camera and the position of the phase boundary measured using computer-vision
enabled monitoring of a plastic float167 (see Section 3.5.1). This enabled the system to
compensate for flow rate fluctuations: if the two aqueous pumps did not operate at exactly
the same flow rate (for example, in the event of a pump failure or mis-calibration) then
over time the phase boundary would drift up or down. By controlling the flow rate of the
pump that removes the lower phase based on the position of the interface, this was avoided
(Figure 4.13*).
* For the Python control protocol, refer to Reference 202.
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Solvent Extractor Feedback Control
max P4 ow rate: 
V1 collecting: (P1 + P2 + P3) total rate
V1 waste: (P3 + P5) total rate
Run control systems
until end of experiment
Reservoir S1 oat height Aqueous out pump P4 rate
> 0  on
< 0  oOrganic stream ow rate Aqueous in pump P3 power
Aqueous out pump P4 power
Acetonitrile pump P6 power
Reservoir S1 oat 
too high or too low
Alert chemist (pump failure)
Figure 4.13 Control protocol for the solvent extractor. The flow rate of pump P4 is
adjusted based on the liquid level in S1. If the float moves out of bounds, an alert is
triggered. If the organic stream is flowing (either valve V4 is collecting or pump P5 is
powered on) then the three extractor pumps are powered on.
The original system used a proportional-gain controller to control the output pump.200
A similar algorithm was implemented for this system, but in this case incorporating a
predictive extrapolation to slow down the rate of change of the response as it approaches
the set point, to reduce the effect of the lag time between the flow rate adjustment and the
response which otherwise tended to lead to oscillations in the system. This is based on a
proportional-differential controller; the sample interval was set to 20 seconds to reduce
the effect of noise on the derivative term. A threshold was added so that the flow rate was
kept constant when the liquid level was near the desired point (Figure 4.14). The feedback
control was performed according to:
errort = heightt− target
di f f erential = errort− error(t−interval)
change = (0.25×|errort |)× (errort + interval×di f f erential)
response = responset + change
where target is the desired float height (in pixels as observed by the camera), heightt is the
float height at the current time t, and response is the new flow rate of the pump.
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Figure 4.14 Response of the pump rate to the float height during part of an experiment.
The liquid level is maintained within a small window (8 mm). The plateaus indicate when
the threshold filter was taking effect.
4.3.5 Control of the Grignard reaction
Control systems were also added to the Grignard reaction step (Scheme 4.15). The output
from the reactor was monitored by an IR spectrometer. The absorption at 1120 cm−1 was
indicative of the product, and by passing the output through valve V4 it could be directed to
waste until the product was observed. An additional pump (P5) was added to flush solvent
40 min
40 oC
FlowIR
solvent waste
0.30 mL/min
0.5 M THF
THF MeOH
0.28 mL/min
0.5 M 3:2 Toluene/Et2O
40 psi
100 psiO
MgBr
BrMgO
P1
P2
R1
M1
V4
V1
V2
V3
3:2 Toluene/Et2O
0.5 mL/min
P5
50
46
55
Scheme 4.15 Grignard reactor configuration with four valves and an additional pump P5
to enable flushing of the pumps with solvent, and flushing of mixer M1 to prevent blockages
by precipitation at times when the output of R1 was being directed to waste.
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through valve V4 at 0.5 mL/min whenever the reactor output stream was being directed
to waste. This ensured that there was no standing solution within the mixer, preventing
precipitation and blockage.
The system was also adapted to reduce the incidence of problems with pump P1 caused by
the reagent stream. Some batches of ethynylmagnesium bromide contained small quantities
of particulates from water ingress, which could disable the pump. A 2 µm in-line filter was
installed before the pump in order to filter the solution prior to entering the pump, and a
rigorous drying protocol was used before pumping the organometallic reagent. Nevertheless,
pumping performance was occasionally degraded.
The control software monitored the pressure sensor readings on the pump outputs to identify
the characteristic oscillations caused by reduced effectiveness of either pump’s check valves.
If the oscillations persisted for over a minute, then the input streams were switched to the
solvents (valves V1 and V3) and the pump flushed at a higher flow rate (1 mL/min) for ten
seconds. If this did not rectify the problem, the solvent was switched to methanol (valve
V2) and the flushing process repeated before reverting to THF. If this was also unsuccessful
then the operator was alerted, otherwise normal operation was resumed.
Using these control systems reliable pumping was achieved for several hours at a time with
only minimal intervention. An overview of the control protocol is shown in Figure 4.16.
Grignard Reaction
Experiment Complete
Switch P1, P2 to solvent
Set pressure limit to 30 bar
Set ow rates for pumps P1 – 5
Power on FlowSyn
Wait for R1 temperature
Switch P1, P2 to reagent
Run control system until 
reagent is exhausted 
(pre-congured duration)
Wait for product IR peak to
decrease below threshold
Wait for product IR peak to
rise above threshold
Wait 20 min
Power o FlowSynStart collecting output
Stop collecting output
IR output below threshold
Monitor pump P1, P2 pressure
Valve V4 position
Pump P5 power
Switch valve V4 to waste
waste  on / collect  o
Figure 4.16 Control protocol for the Grignard reaction. Once the system is running, two
control loops are started that switch P5 on and off, and control the position of V4 based on
the IR sensor output.
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4.4 Solvent exchange
The organic output from the separator was combined at mixer M3 ( 0.5 mm, PEEK) with
a stream of acetonitrile delivered by pump P6 and directed into the solvent evaporator.
The evaporation device developed within our group185 consists of a narrow-bore tube
( 0.1 mm) projecting into a glass chamber. A jet of gas, usually nitrogen, is emitted
from a slightly larger tube surrounding the first one (Figure 4.17). The gas causes the
liquid stream to break up into droplets, and their larger surface area promotes evaporation.
Solvents with high evaporation rates (DIN 53170 standard203) are readily removed by this
system, enabling a solvent exchange from a mixture of THF, diethyl ether and toluene into
acetonitrile, which was used as both the solvent and a reagent for the subsequent Ritter
reaction step.
MeCN
1.2 mL/min
THF / Et2O / Toluene
N22 L/min
100 psi
HO
organic out 
(MeCN)
vapours out
(condenser)
HO
a bP6 M3
P7
peristaltic
51
51
Figure 4.17 Solvent extractor apparatus. The organic stream from S1 is combined with
a stream of acetonitrile and directed into the evaporation chamber. A jet of N2 nebulises
this stream and vapourises the THF, Et2O and toluene solvents to leave a solution of 51 in
acetonitrile, which is removed by peristaltic pump P7.
The combined gases pass out from the top of the chamber, whilst the liquids are withdrawn
from the bottom by a peristaltic pump (P7). This pump also functions as a back-pressure
regulator, preventing the liquid from being forced out by the gas pressure before it has had
time to concentrate. A peristaltic pump also has the advantage that it can operate just as
effectively when there is no liquid feedstock present, unlike normal HPLC pumps.
Under optimised conditions (Table 4.18, entry 15) the THF content of the stream was
reduced to around 5 % which was found to be sufficiently low to prevent extensive poly-
merisation under the acidic Ritter reaction conditions. The incoming spray of acetonitrile
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washes any solids from the walls of the chamber, and the resulting solution is directed into
the next phase of the process.
This represents an important development for continuous processing, since combining
reactions with differing solvent requirements often poses a significant challenge to multi-
step procedures. The possibility to change the solvent of a reagent stream in a continuous
fashion will enable a larger spectrum of chemistries to be connected together in flow
processes.
4.5 Ritter reaction and quenching
4.5.1 Intermediate reservoir
The output of the solvent-switch operation was collected in a reservoir (see Section 3.5.1),
which in this case was made from a solid-phase extraction (SPE) cartridge (S2). These are
equipped with a Luer connection at the bottom from which the solution could be withdrawn
(Figure 4.19, left), and a 20 µm frit which provides protection for the subsequent pump
(P8). The use of this reservoir was necessary because the output from the peristaltic pump
(P7) did not have a constant flow rate, and more importantly this pump cannot generate the
pressure required to run a flow reaction at elevated temperature with a BPR. The reservoir
also evens out any variation in concentration created by the evaporator.
Figure 4.19 Three of the work-up devices, mounted such that the reservoir and the
separator could be observed by one camera. Left: Intermediate reservoir consisting of an
SPE cartridge with a 20 µm frit and plastic float. Centre: Liquid extraction settling tank; the
float indicates the phase interface. Right: Charcoal/glass bead filter cartridge.
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Ritter Reaction PI Control
max 1.4 mL/min
min 0.15 mL/min
Wait for 20 min
Run control systems
until end of experiment
Switch pump P10 
to reagent
Wait until reservoir contains 
enough material to start
Reservoir S2 oat height Reagent pump P8 rate
o / onAcid pump P9 power Base pump P10 power
Reservoir S2 oat too low
Reservoir S2 oat too high
Reservoir S2 oat no longer 
too low
Pause PI control
Stop reagent pump P8
Wait 1h in case reservoir rells
Wait for reservoir to ll up
Resume PI control
Switch valve V5 to waste
Reservoir S2 oat level dropped Switch valve V5 to collect
Flush with solvent for 40 min
Stop pump P8
Figure 4.20 Control protocol for the Ritter reaction step and control loops for reservoir
S2. The flow rate of pump P8 is adjusted based on the liquid level; if this falls too low
then the system waits for one hour before flushing the system with solvent. Pump P10 is
switched on whenever acid is being injected.
Additionally, the reservoir could be used to start the following step only when sufficient
material was available, and also to stop it if the material ran out, preventing disablement of
pump P8 by air bubbles (Figure 4.20). This allowed the control of the different steps to be
kept separate, leading to a less complex control system.
4.5.2 Ritter reaction
The reagent stream was withdrawn from the reservoir and mixed with an acidic stream at
a tee mixer (M4,  0.5 mm, ETFE) before passing through a flow coil (R3, 10 mL, PFA)
which provided approximately 15 minutes residence time at 25 ◦C. The flow rate of the
reagent stream was controlled by a second feedback loop such that the quantity of reagent
in the reservoir remained relatively constant, to allow buffering of the variable flow rate of
pump P7. A valve (V5) was set to discard the output from the evaporator if the reservoir
was close to overflowing (Scheme 4.21).
The acid stream was initially set at 0.2 mL/min to provide an excess of acid for the reaction.
By using an acid-resistant pump and removing all PEEK components from the fluidic path,
we were able to use a stream of neat sulfuric acid at a lower flow rate of 0.05 mL/min,
rather than as a solution in acetic acid and acetic anhydride. This reduced the dilution and
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P8
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0.15 - 1.0 mL/min
H2SO4
0.05 mL/min
1:2:1 H2SO4 / Ac2O / AcOH
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30 min
25 oC
P9
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NHO
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52
Scheme 4.21 The output of the evaporation chamber is directed into reservoir S2. The
reservoir is used to buffer the material passed into the Ritter reaction step. Valve V5
is triggered to switch to waste if the reservoir is in danger of overflowing. Pump P9 is
switched on only when pump P8 is running.
created an overall lower flow rate, and more importantly reduced the quantity of acid that
had to be quenched in the following stage.
4.5.3 Base quenching
The chemistry of the 5-exo-dig cyclisation reaction (Step 3) had been extensively explored
during the development of the first generation synthesis.188 An acid-catalysed cyclisation
of compound 52 had been reported204 but this reaction was very slow, requiring up to 6
hours and was thus unsuitable for a flow process. The base-catalysed reaction was much
more efficient, being complete in 40 – 60 minutes at 120 ◦C. The key consideration was
to avoid the introduction of significant quantities of water, because this had been found
to result in hydration of the residual acetonitrile, competing with the desired reaction and
reducing the overall rate of cyclisation.
Thus, a solution of potassium hydroxide in 40 : 1 ethanol / water (v/v)188 was initially used
to quench the acidic stream. Removal of the salts afforded a primarily ethanolic stream
which could be used directly in the cyclisation reaction. It was very important to remove
all of the solid material generated by the quenching reaction, since it had the potential to
damage the low-pressure reagent selection valves or block the check valves in the pump,
causing it to fail. Therefore, a number of strategies for removing the salts formed during
the quenching reaction were explored.
4.5. Ritter reaction and quenching 97
Filtration method
Initial attempts to perform this filtration continuously were promising, as combination of the
two streams within a second tube-in-tube tee mixer (M5) generated a slurry which passed
through a wide-bore residence tubing (R4;  2.4 mm, 30 cm, ETFE) and was dropped onto
a sintered glass filter funnel (Figure 4.22). In dilute cases this worked well, but at the
full concentration, precipitation was not complete by the time it passed though the filter,
resulting in large quantities of solid settling in the reservoir. The ethanolic slurry had a high
viscosity, and R4 eventually became blocked with solid. The slurry was too viscous for a
vibrating motor (such as that used for the previous extraction process) to keep it moving
effectively.
KOH (3 M)
40:1 EtOH / H2O
2-3 mL/min
MeCN, H2SO4 
0.4 - 0.7 mL/min
NHO
wide-bore
residence tubing
to reservoir (S3)
a b
M5
R4
P10
sand
glass 
sinter
funnel52
Figure 4.22 Removal of salts by filtration using a glass sinter funnel. A sand bed prevents
the sinter from becoming blocked by the salt.
In this case, further dilution of the stream was not practical because the combined flow rate
was already high in order to provide sufficient base to completely neutralise the acid. Since
a relatively long residence time (up to an hour) was required for the cyclisation step there
was a practical limit on the flow rate for this step without needing a reactor with a very
large volume.
Extraction method
With this restriction on the flow rate in mind, we considered an alternative system involving
a second extraction. It was possible to use a biphasic stream of Hünig’s Base (DIPEA) in
cyclopentyl methyl ether (CPME, a high boiling point solvent which has a low miscibility
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with water) and aqueous KOH to neutralise the acid and remove the generated acetate
salts in the aqueous phase. Under these conditions, the resulting slurry after mixing had a
significantly lower viscosity compared to the case where ethanolic KOH was used. Aided
by a second vibrating micromotor, blockages at mixer M5 were avoided. The slurry was
directed into a commercially available phase separation device182 containing a replaceable
expanded macroporous PTFE membrane, which allows only the organic phase to pass
through (Figure 4.23). A 5 M aqueous solution of KOH could be used at a lower flow rate,
ensuring complete quenching of the acid stream whilst reducing the volume of solvent
required.
KOH (4 M)
H2O1 mL/min
DIPEA (0.5 M)
CPME
0.5 mL/min
MeCN, H2SO4
0.4 - 0.7 mL/min
NHO wide-boreresidence tubing
hydrophobic
membrane
separator
to reservoir (S3)
aqueous and
salts out
peristaltic
a b
M5
R4
P10
P11
P12
52
Figure 4.23 (a) Hydrophobic membrane separation apparatus. The acidic stream is
mixed with a biphasic base stream and then directed into the membrane separator. The
organic phase passes through the membrane and drops into the reservoir; the lower
aqueous phase is removed by peristaltic pump P12. (b) The separator consists of a
chamber and PTFE membrane. A custom glass chamber was made such that the liquid
level might be monitored by a camera and modulated with a pump such that none of the
organic phase was removed by the peristaltic pump.
The sulfate salts were not soluble in aqueous or organic solvents, but we envisaged that
a peristaltic pump could remove the remaining aqueous phase and sulfate salts from the
bottom of the separator. The organic solution passed through the membrane and dripped into
the reservoir for use in the following step. We were pleased to find that a good extraction
was achieved in this case, and that heating of compound 52 with DIPEA in CPME led to
the desired cyclisation.
Unfortunately, the peristaltic pump was not able to remove the solids from the phase
separator efficiently, and its inlet tube blocked rapidly (the peristaltic tubing did not
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withstand immersion in CPME, so a fitting was required to connect a PTFE tubing which
would extend into the phase separator. The blockage occurred at this fitting). Therefore, we
turned our attention to further development of the filtration method to remove this salt.
Continuous filtration method
An effective neutralisation method was developed by using a KOH stream with a mixture
of ethanol and water as solvent. By adjusting the amount of water in this solution, the
viscosity of the resulting mixture was minimised to prevent blockages in the mixer, whilst
still retaining a high conversion in the subsequent step. The salt that was produced was
removed by a filter allowing the remaining solution to pass through into reservoir S3. We
envisaged that some of the water would be retained by the salt so that only a small amount
of the water would pass into the cyclisation step.
Using a glass sinter attached to a motor to allow it to rotate, a continuous filtration platform
was constructed (Scheme 4.24, Figure 4.25a).205 The slurry passing through R4 was dripped
onto the rotating disc; the rotation allowed the liquid to pass through before the residual
solid was scraped off. A replaceable paper filter caught the solid, whilst allowing the liquid
to percolate through. A hole in the centre of this filter allowed most of the solution that
passed through the sinter to drip straight through it. A final thin layer of cotton wool was
added to stop any large solids that were not caught by the paper filter. This system was
found to operate successfully for periods of up to six hours, with periodic replacement of
the filters.
KOH (4 M)
4:1 EtOH / H2O2 mL/min
MeCN, H2SO4
0.4 - 0.7 mL/min
NHO
wide-bore
residence tubing
to reservoir (S3)
cotton wool
replaceable lter
solids removed
rotating sinter
liquids pass 
through
M5 R4
P10
52
Scheme 4.24 Continuous filtration apparatus. The slurry stream was dropped onto a
sintered glass plate that was attached to a rotating motor. The liquid passed through the
sinter into the reservoir, and excess solids were pushed off by a fixed bar onto a paper
filter, from where any remaining solution could percolate through.
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a b
Figure 4.25 (a) Continuous filtration apparatus. (b) Reservoir S3. The plastic surround
provides a blank background for the camera, and the dots drawn on the reservoir trigger
the camera’s autofocus on the optimal focal plane.
4.5.4 Cyclisation reaction
The 5-exo-dig cyclisation was performed by passing the basic stream collected in reservoir
S3 (Figure 4.25b) through a flow coil heated to 120 ◦C (Scheme 4.26). Another 20 µm frit
in the bottom of the reservoir protected the pump from any solids that managed to pass
through the main filtration device. The flow rate was controlled by another feedback loop
based on the volume present in the reservoir (Figure 4.27). Although this resulted in a
fluctuating flow rate for the subsequent step, a large 50 mL reactor coil (R5,  2.5 mm, SS)
provided sufficient residence volume for the flow rate to be varied between 1 to 3 mL/min
without affecting the degree of conversion of the reaction.
KOH, EtOH
NHO
S3
P13
webcam
1.0 – 3.0 mL/min
R5
25 min
(average)
120 oC
5 bar
gas-pressure
BPR
N O
N2
gas out
52
53
Scheme 4.26 Cyclisation step apparatus. Intermediate 52 was collected in reservoir S3
and then pumped through reactor R5 at 120 ◦C to effect the cyclisation. Feedback control
based on the liquid level of S3 attempted to match the flow rate of P13 with the rate of the
solution passing through the filter into S3.
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Problems with blockages in the BPR were encountered when using a standard spring-based
BPR after R5. This was avoided by using a prototype gas pressure BPR developed within
our group.190,206 This device consists of a sealed vessel pressurised using a N2 supply
which can be connected at the end of a flow system. The product 53 was periodically
drained from the vessel using a manual valve at the bottom.
Cyclisation Reaction
PI Control
max 3 mL/min
min 1 mL/min
Set heaters to 120 °C
Wait for heaters to heat up
Set pump P13 to pump 
solvent at 0.1 mL/min
Set pump P13 to pump 
reagent at 1 mL/min
Run control system
until end of experiment
Wait until reservoir S3 contains 
enough material to start
Wait for reservoir S3 
to start to ll up
Reservoir S3 oat height
Reagent pump P13 rate
Figure 4.27 Control protocol for the cyclisation step. The reaction started when sufficient
material has been collected in reservoir S3, and then the flow rate of pump P13 was
controlled based on the liquid level.
Unfortunately, this device could not then be connected to feed into the next step. Further-
more, the base had to be removed before the final hydrolysis step to prevent salt formation
which might complicate the purification of the final compound. We were also concerned
that if this basic stream was mixed with a gaseous stream in the ozonolysis reaction, deposi-
tion of salts within the mixer could block the reactor. Therefore, the synthesis was broken
at this point to allow manual solvent evaporation and aqueous extraction to be performed.
4.6 Ozonolysis and Hydrolysis
To improve on the first generation flow synthesis, we envisaged that reported ozonolysis
conditions using an acetone/water solvent207 could be used to decompose the carbonyl
oxide intermediate in situ, avoiding the formation of an ozonide and thus avoiding the
requirement for the solid-supported thiourea reagent. Pleasingly, these conditions proved to
be very effective, generating a mixture for which the NMR spectra were compatible with
a 1 : 1 ratio of azlactone 54 and uncyclised 56,188 along with formaldehyde and hydrogen
peroxide by-products. The peroxide was removed by a bed of manganese dioxide,208
through which the liquid output of the ozonolysis reaction was allowed to percolate.
The output was directly combined with an acidic stream to perform the hydrolysis of both
compounds to the desired amino acid 44. The product was collected from the solvent
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O3
ozone generator
O2 + O3
1:5:8 HCl, AcOH, H2O
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MnO2
5:1 acetone / H2O
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150 oC
O2
N O
N O
O
H2N
O
OH
HCl NHO OH
O
100 psi +
P14
P15
P16
R6 R7
53
54 56
44
Scheme 4.28 Ozonolysis and hydrolysis sequence. A stream of compound 53 in acetone
/ water was combined with a gaseous stream of O3/O2 from the ozone generator. These
were mixed and allowed to react in R6, and then directed into column R7 from which the
gases could escape and a plug of MnO2 decomposed the hydrogen peroxide by-product.
The output was combined with an acidic stream and heated to effect hydrolysis before
being collected using a second solvent evaporator device.
stream by evaporation of the acids and solvents (Scheme 4.28).
The heated output of reactor R7 was passed directly into a solvent evaporator without
cooling. The stream at 150 ◦C was vapourised very efficiently, so all solvents and acids
were removed to leave a solid precipitate of compound 44.
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4.7 Conclusion
The three chemistry steps and three work-up steps to prepare the cyclised compound 53
were combined into an integrated sequence which could operate semi-autonomously for
at around six hours to produce 9 g of 53 (92 %, 9.0 mmol/h). The integration of flow
chemistry steps represents a significant challenge, as when multiple devices are used
there are many parameters which must be managed simultaneously. There is an even
greater challenge when suspensions are generated or used, because key components of
flow chemistry apparatus that are currently standard are not suitable for handling solids
(in particular: most pumps, mixers and connections, and BPR assemblies). Technologies
adapted from those used for larger scale systems may help to enable such processes.
The combination of a tube-in-tube mixer and a vibrating micromotor was used to avoid
blockages whilst performing the quenching reactions, during which which precipitates were
formed. A prototype continuous filtration device was used to remove the salts formed during
a continuous quenching reaction, allowing two reactions with different pH conditions — a
Ritter reaction and a base-catalysed cyclisation — to be performed in succession.
A nebulising evaporator was used to perform an in-line solvent exchange, allowing the
Grignard and Ritter steps — with incompatible solvent systems — to be performed in
sequence. Finally, the ozonolysis reaction was improved by the use of an aqueous solvent
system and manganese dioxide catalysed decomposition of the hydrogen peroxide by-
product instead of a solid-supported thiourea.
Software control helped to make the management of multiple devices feasible. A camera-
enabled system controlled the rate at which the aqueous phase was withdrawn from the
separation tank, to compensate for flow rate fluctuations in the input streams. Similarly, the
application of camera-enabled reservoirs meant that the steps could be started automatically
as soon as the reagent solutions became available, and stopped if upstream problems caused
the input stream to stop. Feedback control loops were used to match the flow rates between
these steps so that they did not stop and start more frequently than necessary. The inclusion
of these reservoirs meant that the software control could be designed in a modular fashion,
with each step being mostly independent, resulting in a simpler control programme.
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4.7.1 Further work
A number of potential improvements were identified, to advance this project or to enable
similar projects in the future. Further development of the control software could allow
the system could be left running unattended overnight. The key to this would be a safe
automatic shut-down in the case of a problem, in a manner that left the system in a state that
it could re-start immediately as soon as the problem was rectified. The second half of the
reaction sequence could also be fully automated by the inclusion of additional reservoirs to
connect the steps.
Improvements to the filtration device might result in a device which is less susceptible to
clogging by the solid material, and from which removal of the collected salts is easier. We
envisage that this might be a device based on a centrifugal principle, or a device including
a pressure differential across the filter, to force the liquid through and leave a dry solid
residue to be removed.
The addition of an internal liquid level sensor and a controllable valve at the bottom could
enable the gas pressure BPR to be fully automated, by periodically releasing the collected
material into a reservoir feeding another reactor. It might be possible to develop a self-
regulating solvent evaporator by the application of computer vision to measure the quantity
of solids and liquid inside the evaporation chamber, and adjust the temperature and flow
rates accordingly.
With further development of these devices, techniques and software, it is possible that in
the future integrated processes such as this one might be can be constructed and used as a
matter of course, rather than having to be developed as a dedicated project.
Chapter 5
Development of inhibitors for
bromodomain-containing proteins
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5.1 Introduction
A typical process for the discovery of a biologically-active molecule, whether for phar-
maceutical or for research purposes, often includes hit identification, lead optimisation
and then a structural optimisation stage based on the results of biological testing. “Hit”
compounds, which are compounds with a low but measurable activity against the target, are
often identified by either physical or virtual high-throughput screening (HTS) of a library
of compounds against a biological target. The efficiency of HTS methods has increas-
ingly been called into question209 and more recently, fragment-based discovery210–212 has
become more common. This entails the measurement of weak activities of small “frag-
ments”,* followed by the design of more active compounds by connecting these fragments
together to form larger hit molecules.
By whichever method they are identified, the compounds that are from the first stage will
give an idea of the structural features that may be important for binding, and thus demarcate
a region of “chemical space” for further investigation. Subsequently, chemical synthesis
of a number of similar compounds will allow the biological activity of these chemotypic
regions to be described in more detail, and provide information about how the structure
influences the activity: the structure–activity relationship (SAR). Repeated cycles of design
and experimentation may eventually provide a potent and selective lead compound.
There are a number of companies and academic research groups investigating how this
cycle (or parts of it) can be automated to speed up the development process, and to what
extent this can augment the traditional discovery pattern. The reports thus far have often
focused on increased automation: to achieve 24/7 working and produce greater numbers of
test compounds. Some have implemented machine learning or intelligent search protocols
to improve the automated compound design process so as to reduce the number of trials,213
in much the same way as optimisation protocols for individual reactions harness numerical
and linear programming methods for increased efficiency.160,164
The question of whether an automated process can contribute to a molecular design project
by performing intelligent ligand design with efficient use of the structure–activity data has
not yet been answered. A well-designed algorithm can make decisions in well-defined and
reproducible ways, and investigation into the most effective way to incorporate this into a
discovery programme is still ongoing.
* Compounds with fewer than 16 heavy atoms and a high proportion of hydrogen-bond donors and acceptors.
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The generation of realistic chemical complexity may well be beyond the scope of current
compound-design algorithms,214 particularly if a route for manual or automated synthesis
of each novel structure must be suggested as well. Fortunately, a great deal of research is
ongoing into these areas.215
Finally, given the huge challenge of predicting the activity of a certain ligand when com-
bined with a protein, the SAR method is a key technique for compound development. An
individual novel compound may have no detectable activity, but an array of 20 similar
compounds might contain one or two active molecules.216
Alongside work to further develop machine-assisted techniques for producing arrays of
functional compounds,24,50,112 there is also ongoing work within our group to apply in-
telligent automation to close the loop of lead optimisation by integrating chemistry and
biology.217 To understand the challenges involved in a typical discovery programme we
undertook a synthesis assignment in collaboration with the Structural Genomics Consortium
(SGC).
5.1.1 The bromodomain
A key research area in which the SGC is involved is in the study of human proteins,
especially those containing bromodomain (BRD) modules, and ligands which modify
or inhibit their function. Bromodomains constitute one part of a large family of protein
modules which assist in gene regulation by recognising or performing post-transcriptional
modifications of chromatins.
The bromodomain is a protein domain which recognises –N–acetylated lysine residues on
a histone protein.218 Histones form a scaffold that DNA winds around to form nucleosomes,
which condense to form a chromosome. One effect of acetylation is to alter the charge on
the histone; this is thought to weaken the association between the nucleosomes, allowing
the genes in that particular region of DNA to become more accessible to the transcription
factors that start the process of protein synthesis (Figure 5.1). Therefore, bromodomains
are a key instrument in gene regulation within organisms and thus an important area for
study, in particular in relation to diseases such as cancers.218
Over 40 proteins in the human body have been identified which contain bromodomains.218
Despite significant differences in the amino acid sequences of the BRD modules, they have
a conserved structure formed of four α–helices which surround a hydrophobic acetylated
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Figure 5.1 Histones are proteins around which DNA is wrapped within a chromosome.
Acetylation of the histone tails is an epigenetic modification which (amongst other effects)
is thought to weaken the association between adjacent histones, allowing greater access
of the genes to transcription factors, thus affecting gene expression.
lysine binding site.218 The role of BRDs is poorly understood, and hence there is a need for
selective ligands. Investigation by the SGC had bromosporine (57) as a potent inhibitor of
many BRDs.219 Figure 5.2 shows a co-crystal structure of bromosporine with the BRD4
bromodomain unit. The key interactions are those between ASN-140 and the northern
triazole and its pendant carbamate NH. The southern tolyl moiety displays a pi–pi interaction
with TRP-81, and the sulfonamide unit with ASP-88.
Two regions of this molecule were identified for further exploration: the heterocycle amine
and the sulfonamide. Depending on the observed activity of the analogous compounds, the
objective would be to develop either (a) a more potent pan-bromodomain inhibitor, or (b) a
more selective inhibitor for one or more BRDs.
a b
Figure 5.2 (a) Crystal structure and ligand interaction diagram of the pan-bromodomain
inhibitor bromosporine (57) bound into the BRD4A(1) bromodomain. (b) The key interaction
between compound 57 and BRD4A(1) is from the triazine nitrogen atoms to an asparagine
residue and a water molecule.
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5.1.2 Frontal Affinity Chromatography
Recently, the technique of Frontal Affinity Chromatography (FAC)220 on a miniaturised
scale has been developed.217 This method allows an assessment of the binding strength of a
test compound to be made using chromatographic equipment and an immobilised protein.
This technique was originally used for studying the interaction between carbohydrates and
lectins,220,221 but when used in combination with mass spectrometry can be applied to
a wider range of biological targets.222–225 Miniaturisation of the column containing the
immobilised protein reduces the amount of protein that is required: the high cost of some
proteins means that this is a very important consideration, and smaller columns offer the
ability to measure affinities with smaller quantities of ligand (which may also be highly
valuable).
Proteins can be immobilised using a number of methods, such as by covalent attachment223
or more commonly by a streptavidin–biotin H–bonded linkage.217 Since a protein can
be biotinylated at either the C or the N terminus, the latter is more likely to lead to a
site-selective immobilisation (i.e. where all of the protein molecules are attached from the
same position on the protein) so that the interaction of substrates with protein is consistent.
Biotin units can be attached to the terminus of a protein by expressing an avidin tag
and then performing a biotinylation;226 the protein can then be immobilised in a column
containing solid-supported streptavidin units (Figure 5.3). The interaction of biotin with
the streptavidin protein is the strongest known biological non-covalent interaction, having a
Kd of the order of 4×10−14 M;227 this strong attachment is crucial because it prevents the
protein from being washed off under a continuous solvent stream.
Biotinylation
Enzyme
Immobilisation
Supported
Streptavidin
Figure 5.3 A protein (blue) with an avidin tag expressed onto the protein terminus
is biotinylated (red) and immobilised by being captured by a solid-supported (green)
streptavidin unit (brown). The streptavidin complex has four units and thus four binding
sites, but due to the size of the protein they may not all be filled.
Under a FAC protocol, a relatively large quantity of a compound of interest is infused into
the protein-containing column. Whilst an inactive compound will pass through in one
column volume, an active compound will bind to the protein and be retained. The “front” of
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Figure 5.4 In a FAC analysis, the compound of interest is continuously infused into a
column containing an immobilised protein. Compounds are retained according to the
strength of their affinity for the enzyme. The breakthrough volume is (arbitrarily) chosen to
be the mid-point between the lowest absorption and the plateau, and is recorded relative
to that of a void marker that has no affinity for the protein.
the compound will emerge only after all of the binding sites have filled up (Figure 5.4). The
relative binding affinities of two compounds can be compared by measuring the respective
breakthrough volumes (which are proportional to the breakthrough times).
The FAC platform consists of an HPLC system running an isocratic buffered aqueous
solvent system, which is important for maintaining the stability of the immobilised protein.
Downstream of the column there are standard analytical detectors, such as a UV diode
array detector or a mass spectrometer (Figure 5.5).
By injecting a series of compounds of the same concentration, an order of affinity can be es-
Compact mass
spectrometer HPLC Pump
15 µL column
Make-up pump
Dynamic mixer
(removes pulsing)
Buer Solutions
UV/Vis Detector
Column Oven
Figure 5.5 The Frontal Affinity Chromatography apparatus consists of an HPLC system,
with a column (right) containing the immobilised enzyme. The pump delivers an isocratic
stream of an aqueous buffer, and 600 µL of the sample solution is infused (large compared
to the 15 µL volume of the column) into the FAC column that is maintained at 20 ◦C by
the column oven. The output is detected by a UV/Vis diode array detector and/or a mass
spectrometer.
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tablished. Alternatively, by injecting each compound as a series of different concentrations,
the binding coefficient Kd can be calculated from the breakthrough volumes. As part of this
project we hoped that the FAC technique could be used to discriminate between molecules
and give results which were consistent with mainstream assay techniques.
Processing FAC data If a solution of substrate A with concentration [A0] is continuously
infused into a column on which there are Bt immobilised protein units, then some of the
substrate molecules will bind to the proteins and be retained on the column. The number of
molecules of substrate removed from the stream corresponds to the retention volume:
Bocc = ∆V [A0] = (V −V0)[A0] (5.1)
where V is the substrate’s breakthrough volume, and V0 is that of a void marker. The ratio
of occupied (Bocc) to unoccupied (Bunocc) sites will depend on the binding affinity Kd . They
are related by the equilibrium:
A+Bunocc
k+1−−⇀↽−
k−1
ABocc (5.2)
and assuming that the activity quotient of the equilibrium is constant:
Kd =
k−1
k+1
=
[Bunocc][A]
[Bocc]
(5.3)
This assumption is reasonable in this case because the analysis is taking place in a buffered
aqueous solution, which has a high ionic potential.228 Since the protein is immobilised,
[B] =
B
Vcolumn
(5.4)
where Vcolumn is the volume of the column. Since Bt = Bocc+Bunocc,
Kd =
(Bt−Bocc)[A]
Bocc
(5.5)
=
Bt [A]
Bocc
− [A] (5.6)
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Therefore, using equation (5.1):
Kd =
Bt [A]
(V −V0)[A0] − [A] (5.7)
Under the conditions of constant infusion, [A] = [A0] and so
Kd +[A0] =
Bt
(V −V0) (5.8)
(V −V0) = BtKd +Bt
1
[A0]
(5.9)
This is analogous to a Michaelis-Menten system, and so a Lineweaver-Burk linearisation229
can be used to calculate Kd and Bt by plotting (V −V0) against 1[A0] .
5.2 Chemical probes for BRD9†
5.2.1 Literature
Previously reported approaches to the triazolopyridazine core such as seen in bromo-
sporine (57, Figure 5.6) have generally proceeded by generation of the triazole 60 from
a dichloropyridazine precursor 58, using for example acetyl hydrazide231,232 or in two
steps using hydrazine and then either triethyl methanetricarboxylate,233 acetic acid234–236
or acetic anhydride237,238 (Scheme 5.7). These reports suggest that after an SNAr reaction
N
N
N N
N
H
S
OO
H
NEtO
O
Figure 5.6 Bromosporine (57).
† The work described in this section is reported in MedChemComm (Reference 230).
5.2. Chemical probes for BRD9 113
onto one of the C−Cl positions, the other bond becomes deactivated and so only single
substitutions are observed.
N
N
Cl
Cl
R
N
N
HN
Cl
RN2H4.H2O
NH2
N
N
Cl
Rconditions
NN
AcNHNH2
58 59 60
Scheme 5.7 Reported preparations of the triazolopyridazine core, by either hydrazination
followed by cyclisation, or by direct cyclisation using a hydrazide. R = H, Me,239 NH2
235 or
CO2H.
236
A standard method for the preparation of the pyridazine starting material 58 is by treatment
of furan-2,5-dione (61) with hydrazine followed by chlorination of the pyridazine-3,6-diol
intermediate 62240 (Scheme 5.8). However, many 3,6-dichloropyridazine derivatives are
now commercially available.
O
O
O
N2H4.2HCl
NH
NH
O
O
N
N
OH
OH
N
N
Cl
Cl
POCl3
61 62a 62b 63
Scheme 5.8 Synthesis of 3,6-dichloropyridazine (63) from furan
Cross-coupling of triazolopyridazine 60 (R = H) is well represented in the literature, with
examples of Suzuki,241 Stille,242 Negishi243 and other metal-mediated reactions. However,
to the best of our knowledge, there have been no reports of cross-coupling reactions onto
substituted triazolopyridazines. Cross coupling of an analogous imidazopyridazine has been
established244 using palladium acetate and S-Phos (66; Scheme 5.9a), and more recently245
using Pd2(dba)3 and X-Phos (69; Scheme 5.9b). Finally, nucleophilic substitution at the
same position has been reported using secondary amines, although low yields were reported
(Scheme 5.9c).236
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R = 6-(piperidin-1-yl)pyridin-2-yl
PhB(OH)2 (1.5 equiv.)
Pd2(dba)3 (10 mol%)
X-Phos (40 mol%)
K2CO3 (3 equiv.)
10:1 dioxane / water
100 °C, 4 h
58%
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X-Phos
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130 °C (MW)
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Scheme 5.9 (a) Cross-coupling of imidazopyridazine 64 with an arylboronic ester using
Pd(II) and S-Phos.244 (b) Cross-coupling of imidazopyridazine 67 with phenylboronic acid
using Pd(0) and X-Phos.245 (c) SNAr reaction of triazolopyridazine 70 with a secondary
amine.236
SGC synthesis
The synthesis of 57 as reported by the SGC219 began with a sequence to form the tria-
zolopyridazine 76 from 3,4,6-trichloropyridazine (73). An SNAr reaction using ammonia
N
N
Cl
Cl
Cl
N
N
Cl
Cl
H2NNH3
EtOH
51%
N
N
HN
Cl
H2N
40%
N2H4.H2O
NH2
N
N
Cl
H2NAcOH
NN
82%
73 74 75 76
Scheme 5.10 Synthesis of precursor 76 starting from 3,4,6-trichloropyridazine (73).
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Scheme 5.11 Synthesis of bromosporine from precursor 76.
afforded 4-amino-3,6-dichloropyridazine (74), before hydrazination and cyclisation with
acetic acid (Scheme 5.10).
Attempts to perform cross-coupling reactions with 76 gave only traces of the desired
products.246 To overcome this problem, a protection strategy was adopted whereby the free
amine was carbamoylated. The cross-coupling reaction then proceeded in acceptable yield
to give an arylated product that was deprotected with trifluoroacetic acid (TFA). Following
deprotection, the desired carbamate moiety was installed (81) before the pendant amine was
revealed by a reduction with tin chloride. The methanesulfonyl group was then installed to
provide the desired compound 57 (Scheme 5.11).
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5.2.2 Proposed synthesis
In order to produce analogues of 57 a more efficient synthetic protocol than the SGC
protocol previously described was attempted. We hypothesised that electron-rich phos-
phine ligands for palladium such as S-Phos or X-Phos247 could make the cross-coupling
more efficient, perhaps without the need for a protecting group; and that use of the com-
pleted sulfonamide as cross-coupling partner would lead to a more convergent synthesis
(Scheme 5.12).
N
N
Cl
H2N
NN
Pd / Ligand N
NH2N
NN
RR
B
OO
76
83 84
Scheme 5.12 Proposed cross-coupling between 76 and a boronic ester.
In addition, the original starting material 3,4,6-trichloropyridazine (73, see Scheme 5.10)
was prohibitively expensive at the time, and so a route based on the more readily available
carboxylic acid derivative 85 was used. There were a number of different options to explore
for this synthesis, depending on the order in which the synthetic steps were to be carried
out (Scheme 5.13).
5.2.3 Synthesis of core
Carboxylic acid route (Route I)
Previous work by Dr Nikzad Nikbin248 had found that protecting the carboxylic acid group
of compound 85 as an ester was difficult and only possible using diazomethane, providing
the methyl ester in low yield. Other protection strategies had been considered, but each
possibility was considered to add considerable complexity to the reaction procedure.
Nevertheless, Route I was very attractive: retention of the pendant carboxyl group would
enable late-stage installation of the carbamate via a Curtius rearrangement (perhaps even
after the cross-coupling reaction had been carried out) for efficient derivatisation at this
position. Unfortunately, although compound 89 was detectable by LC-MS the subsequent
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Scheme 5.13 Proposed routes to access key intermediate 76 from pyridazine 85.
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cyclisation procedure proved to be very challenging in the presence of a free carboxylic
acid, particularly with respect to isolation, and no product (92) could be isolated.
Carbamate and amine routes (Routes II and III)
Initial experimentation using microwave irradiation suggested that the Curtius rearrange-
ment to give 86 was an effective reaction; in situ hydrolysis (Route II) was not successful but
reaction with tert-butanol (Route III) to give the Boc product 87 worked well. Unfortunately,
the hydrazine derivative 90 was unreactive to the cyclisation conditions and so hydrolysis
of 87 to 88 had to be carried out before the cyclisation could be performed (Route IV).
Pleasingly, the cyclisation of compound 91 was straightforward, as both intermediate 91
and the product 76 could be isolated in reasonable yield by simple filtration.
Early attempts at cross-coupling reactions with compound 77 indicated that considerable
optimisation would be required, and that the carbamate group was unlikely to survive the
conditions. Thus, more material was to be prepared using Routes III and IV to provide
enough of the key intermediate 76 to test a number of cross-coupling conditions.
Azide formation and Curtius rearrangement in continuous flow
The Curtius rearrangement involves the thermal decomposition of an acyl azide to form an
isocyanate.249 Carboxylic acid starting materials 94 can be converted directly to acyl azides
95 using diphenyl phosphoryl azide (DPPA, 96) as the azide source (Scheme 5.14).250
R OH
O
R N
O
N N
R N
O
N N R
N C
Oheat
- N2
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R
H
NNuH Nu
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94 95 97 98
Scheme 5.14 The Curtius rearrangement transforms an acyl azide (95) to an isocyanate
(97). This can subsequently react with a nucleophile such as water or an alcohol to form
an amide (98).
There are a number of hazards associated with this reaction. DPPA is toxic and explosive,
nitrogen gas is released, and the isocyanate products are also toxic and very reactive. Most
of these problems can be avoided by performing the reaction in continuous flow:19 the small
volume of a flow reactor means that only a small quantity of the DPPA is heated at any one
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time; a back-pressure regulator (BPR) can be used to contain the gas that is released; and
the isocyanate can be reacted in situ to avoid holding stocks of it. When an alcohol such as
tert-butanol is added to the reaction mixture this combines with the isocyanate intermediate
in situ to produce a carbamate.
In the flow reactor, a stream of DPPA was combined with a stream of the carboxylic acid,
triethylamine and tert-butanol at a tee mixer (M1;  0.5 mm, ETFE) and then passed into a
series of four heated flow coils (R1;  1 mm, PFA, total volume 40 mL). The efflux passed
through a BPR (100 psi) and then a collection valve V1.
Initial runs encountered problems related to precipitation of a gummy solid during the
reaction. This caused blockages in a number of places, notably in the heating coils, and at
the BPR and the collection valve. Optimisation of the solvent system and flow rates led to
Table 5.15 Development of conditions for the Curtius reactions in flow.
100 psi
120 °C
time waste
M1
R1/R2
V1
n
Toluene / MeCN
Toluene / MeCN
N
N
Cl
Cl
H
Nt-BuO
O
 (0.25 M)
NEt3 (1.0 M)
t-BuOH (1.5 M)
DPPA (0.375 M)
85
87
Entry Solvent ratio Scale Reactor Flow Rate Residence Yield
(Tol. / MeCN) /mmol volume /mL /mL/mina time /min
1248 100 : 0 2b — — 240 0.4 g (77 %)
2248 50 : 50 4 20 0.20 100 0.3 g (36 %)
3 0 : 100 2 10 0.10 100 0.1 g (15 %)
4248 70 : 30 6 20 0.17 120 0.5 g (32 %)
5 90 : 10 20 20 0.17 120 — c
6248 80 : 20 10 20 0.17 120 1.1 g (45 %)
7 80 : 20 40 30 0.17 180 3.2 g (30 %)d
8 70 : 30 20 20 0.17 120 2.1 g (40 %)
9 70 : 30 20e 20 0.17 120 2.6 g (50 %)
10 70 : 30 40e 50 0.36 140 — f
11 70 : 30 40e 50 0.36 140 8.5 g (39 %)g
a Flow rate of each stream.
b Performed in batch, in a sealed vial under microwave irradiation. DPPA was added in three
portions. c Rapid blockage in the BPR. d Blockage after 10 hours.
e Reactor R2 used; valve V1 not present. f Blockage after 17 hours. g Combined yield
from two 40 mmol batches.
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improvements in the performance of the flow system (Table 5.15, entries 2 – 8), but the
reactor would frequently become blocked after long periods of operation.
To minimise the risks of such blockages, the flow coils R1 were swapped for two larger-
bore alternatives R2 ( 2.5 mm, SS, total volume 50 mL) and valve V1 was removed
(Figure 5.16). The proportion of acetonitrile in the solvent was increased to 30 % which
improved solvation of the precipitates without compromising the yield (Table 5.15, entries
9 – 11). Although the BPR was a frequent location for blockages, it was essential for
preventing the solvent from boiling during the reaction and for containing the evolved N2
gas.
We wanted to run the reaction for long periods of time in order to obtain a large quantity of
100 psi
120 °C, 2.3 h
2 x 25 mL
steel reactor
T-mixer
21.5g 21.3g
M1 R2
computer
residual mass
pressure
temperature
remote
access
 (0.25 M)
NEt3 (1.0 M)
t-BuOH (1.5 M)
7:3 PhMe / MeCN
DPPA (0.375 M)
7:3 PhMe / MeCN
N
N
Cl
Cl
H
Nt-BuO
O
a
85
87
b
Figure 5.16 Curtius reaction with remote monitoring and attempted mass monitoring,
using wide-bore stainless steel heated flow coils. (a) Reactor schematic, showing data
connections to the control computer. (b) Photograph of system.
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the carbamate intermediate 87. Under standard control, the increase in pressure created by
a blockage caused the reactor to stop immediately; often the contents of R2 — 40 mL of
reagents — would be lost. Immediate notification in the case of a blockage would mean that
the material already inside the reactor could be collected and cycled again later, conserving
the valuable carboxylic acid starting material 85.
Using the software described in Chapter 2 we created a control sequence to run this reaction
and allow live monitoring of the reactors. Alerts were set to be triggered by elevated
pressures or if the reactor stopped due to an over- or under-pressure. The ability of the
software to stop a procedure mid-sequence and then resume it from the same point enabled
the reactor to be cleaned out when blocked and for the contents to be recovered, before
re-starting the reaction.
Incorporation of balances in flow synthesis
After the reaction was nominally complete it was discovered that a significant quantity of
the solution of pyridazine 85 was remaining. Despite both pumps working as expected
when tested independently before the reaction, the observation of excess reagent suggested
that this pump was not delivering the correct flow rate during the reaction. Digital balances
were used to record the mass of liquid within the reservoirs (Figure 5.16).
The rate of change of the mass remaining in each reservoir could be calculated, and would
remain constant with a consistent flow rate through the pump. The control software would
also be able to make decisions based on the masses (Figure 5.17), such as switching the
pump input valves to solvent when either reagent was about to be used up to avoid infusing
air into the pump or wasting reagent. The software could also make real-time adjustment of
the flow rates to achieve a steady flow rate.
55.2g mass derivative
ow rate
controlled
Figure 5.17 The mass of the reagent was measured by a digital balance. The first
derivative of the measurement should be zero to indicate a constant flow rate. Deviations
in the first derivative could be fed back to the pump to adjust its flow rate.
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Figure 5.18 (a) Change in mass of two balances over the course of a reaction. The
difference in zero indicates that they were not equally tared at the start. The slow decrease
after the end of the experiment may suggest evaporation of the residual solvent. (b) The
derivative of the mass has too much noise to be useful. (c) There was a problem with the
pressure of pump B near the end of the reaction. (d) Close-up of pump B’s pressure loss.
Unfortunately, in this system the flow rate was too low to be reliably calculated in real-time
based on the change in mass. The available balances were only accurate to 0.1 g, and so
the differential of the reading produced was very noisy even after being passed through a
smoothing filter (Figure 5.18). The recorded data could be used to calculate an approximate
flow rate over the entire reaction, but were not adequate for real-time decision making.‡
Purification
The carbamate product 87 was found to be retained on silica giving poor recovery. It
was postulated that the reason for this poor recovery may be that the carbamate is lost,
leaving the basic amine, as it is known to be removed under the acidic conditions. However,
the same poor recovery was again observed even using a basic solvent system previously
known to inhibit carbamate deprotection. KP-NH amine-functionalised silica produced by
‡ Pleasingly, later testing with a more accurate balance confirmed that it was possible to visualise a mass
change with sufficient accuracy to be a useful measure at low flow rates.
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Biotage AB251 was found to offer a good alternative. KP-NH is a proprietary functionalised
silica, described as acting like a mixture of primary and secondary amines, suitable for
chromatography of amine functionalised materials. This modified silica was found to be
effective for the purification of carbamate 87 from the diphenyl phosphate and other by-
products of the Curtius rearrangement. The Curtius reaction was performed up to 40 mmol
scale over 8 hours to provide 8 g of the product, in 30 – 50 % yield after chromatography,
which was sufficient for the following step.
The introduction of a batch chromatographic purification meant that it would be difficult
to combine this reaction with the following steps without development of an alternative
methodology to trap out the by-products. However, there is still a benefit to performing the
azide formation and Curtius rearrangement reactions in flow, from the reduced hazards of
handling the azide reagent on large scale.
Cyclisation
The desired amine 88 could be unmasked by removing the carbamate from 87 using
aqueous HCl. However, the high solubility of the product 88 in water meant that the
greatest isolated yield was achieved when this reaction was performed with an anhydrous
solution of HCl in dioxane. A precipitate of compound 88 hydrochloride slowly formed;
this was collected by filtration and then re-dissolved in NH3 / MeOH solution. A precipitate
of free amine 88 formed, which was collected and washed with a minimum quantity of
methanol (Scheme 5.19).
N
N
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H2N
N
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H
Nt-BuO
O
1. HCl/dioxane (30 equiv.)
    25 °C, 24 h
2. NH3, MeOH, 
    25 °C, 30 min
quant. (6.4 g)
87 88
Scheme 5.19 Deprotection of carbamate 87 using acid, and isolation by precipitation
from ammonia in methanol.
Hydrazine 91 was prepared by heating compound 88 with an excess of hydrazine hydrate.
The resulting precipitate provided compound 91 without further purification (Scheme 5.20).
Compound 91 was heated in excess glacial acetic acid to give product 76 as a precipitate,
which was collected by filtration and purified by recrystallization from water (Scheme 5.21).
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Scheme 5.20 Reaction of aminopyridazine 88 with hydrazine hydrate.
N
N
Cl
H2N
N
N
HN
Cl
H2N AcOH (30 equiv.)
120 °C (MW), 5 h
NH2 NN
50%
(after recrystallisation)
(4 × 1.0 g batches)
91 76
Scheme 5.21 Cyclisation of compound 91 with acetic acid to afford intermediate 76.
Development of a flow procedure for these steps was not attempted, because the starting
material was relatively valuable and many of the steps up to 76 involved precipitation
purification which has not yet been effectively developed for small-scale flow reactions.
Attempts to improve solvation of the intermediates by introduction of additional solvents
were found to result in lower conversions and increased difficulty of isolation. In summary,
all of the reactions from 87 to 76 gave acceptable yields at moderate scale using batch
methods, with yields limited mainly by the filtration processes.
5.2.4 Synthesis of boronic ester coupling partners
A small collection of boronic esters were prepared in order to make the desired analogues
of bromosporine (57). Boronic esters are reactive equivalents to boronic acids for Suzuki
couplings, which have the advantage of being crystalline and thus easier to purify and store
than the equivalent boronic acids.252 Boronic esters, like other boronic acid equivalents, are
converted to boronic acids in the basic conditions of the Suzuki coupling.252
Treatment of (3-amino-4-methyl)phenylboronic acid 99 with a slight excess of pinacol gave
complete conversion to the boronic ester (100). Following the removal of the solvent this
could be directly combined with a benzenesulfonyl chloride derivative (101) to form the
5.2. Chemical probes for BRD9 125
Table 5.22 Synthesis of boronic ester coupling partners 102.
B(OH)2
NH2
B
NH2
OO
B
N
H
OO
S
OO
Cl
Pinacol 
(1.1 equiv.)
MeCN
25 °C, 18 h
Pyridine (2 equiv.)
EtOH
25 °C, 18 h
Cl S
OO
Cl
99 100
101
102
101 Product Yielda
2-Cl 102a 68 %
3-Cl 102b 55 %
4-Cl 102c 77 %
3,4-diCl 102d 63 %
a Isolated yield after double recrystalli-
sation from ethanol.
coupling partners (102; Table 5.22). These were purified by recrystallization from ethanol
in reasonable yield over the two steps.
5.2.5 Cross-coupling
The Suzuki reaction
The carbon-carbon bond forming cross coupling reaction has been one of the most important
recent developments in synthetic chemistry.253,254 The ability to join molecules without
using traditional functional group methods created the opportunity to synthesise complex
targets more easily, leading to an explosion in the adoption of this strategy.255
Cross-coupling generally occurs between a molecule bearing an electron-poor carbon
atom covalently bonded to a halogen or an oxygen atom, and a second molecule with an
electron-rich carbon centre bonded to a metal. Of the numerous types of such partnerships
that are possible, the palladium catalysed Suzuki cross-coupling reaction254 between an
organo halide and an aryl boronic acid is one of the most reliable, having a large substrate
scope.255 Importantly, the key boronic acid intermediates have an improved safety profile
when compared to equivalent organotin reagents used in Stille coupling:256 boronic acids
also have a much lower environmental impact and toxicity.256 Furthermore, aryl boronic
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acids and their derivatives, such as boronic esters,252 boron-MIDA complexes257 and
trifluoroborate salts258 are thermally stable and chemically inert, enabling them to be safely
stored under standard laboratory conditions whilst being suitable for use in further chemical
processing.
Novel ligands for the Suzuki reaction have been developed and many are commercially
available pre-complexed to palladium. Many of these ligands are much less sensitive to air
and moisture than simpler phosphine reagents, thus reducing the requirement for glove-box
manipulation. Their better handling characteristics have led to the development of Suzuki
reaction methodologies that can be performed in air, and even in the presence of water.
The mechanism of the Suzuki reaction (Scheme 5.23)254 is very similar to that of other
metal-catalysed cross-coupling reactions,259 being facilitated by a transition metal moving
between two oxidation states. The electron-rich Pd(0) catalyst is relatively nucleophilic and
can react with an electron poor carbon such as that bonded to a halogen. In this oxidative
addition process, electrons move from the Pd to form a Pd−C bond. The resulting Pd(II)
complex is relatively electrophilic and liable to be attacked by a carbon nucleophile; in
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Pd(II) Ln
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addition
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L
Scheme 5.23 Mechanism of the Suzuki cross-coupling reaction.254
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this case, a carbon–boron bond. This transmetallation process leaves two carbon atoms
associated to the Pd; their close proximity encourages the formation of a C−C bond. This
is the reductive elimination part of the cycle, and the two electrons released by the bond
formation reduce the Pd centre to Pd(0), ready to participate in another oxidative addition
reaction.
The palladium ligand-bound reagents are often added in an oxidised Pd(II) form, which
must be converted into the active catalyst Pd(0) before being able to participate in the
oxidative addition reaction. This reduction reaction can be performed in situ by the base or
the boronic acid260 (the latter process uses up an equivalent of the boronic acid coupling
partner). Therefore, minimised catalyst loadings are preferred, being more efficient for cost,
for environmental reasons and to avoid increased consumption of the boronic acid.
Heteroaromatic cross-coupling
The coupling system for the desired reaction (Scheme 5.24) was expected to be challenging.
In any aryl ring system, aryl chlorides are the least reactive of the aryl halides towards
oxidative addition, because of the lower polarisation of the C−Cl bond compared to C−Br
or C−I bonds, which reduces the activity of the oxidative addition reaction.256 Free amine
groups compromise Suzuki reactions and are normally protected, because they are thought
to bind to the Pd(II) and shut down the catalytic cycle.261 Finally there is a regioselectivity
issue with a chloride functionality present on both of the coupling partners.
However, we envisaged that the electron-deficient chlorotriazolopyridazine (76) would be
active towards oxidative addition, and that this electron deficiency would provide sufficient
regioselectivity between it and the aryl chloride coupling partner (102). Dialkylbiarylphos-
phine ligands such as S-Phos and X-Phos262 are reported to work well in systems with
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Scheme 5.24 Proposed cross-coupling reaction.
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heteroaryl chlorides,247 and even those with free amine groups.261 The cyclohexyl groups
present in these ligands make the phosphine phosphorus electron rich, which has the effect
of making the Pd(0) more active to oxidative addition. They are reported to be sufficiently
bulky to promote reductive elimination, and also to increase the proportion of L1Pd species
(palladium atoms with only one ligand), which are more open to approach by the elec-
trophilic carbon species.262 Finally, the presence of ortho-substituents on the lower ring of
both of these ligands increases the stability and activity of the palladium by preventing the
formation of palladacycles through C−H insertion into the ligand.263
Initial experimentation248 failed to reproduce the cross coupling conditions reported219
for the synthesis of 57 (see Scheme 5.11). Investigation of the reaction components and
optimisation discovered that a Pd2(dba)3 / X-Phos combination gave positive results when
conducted in an n–butanol / water solvent system.248 Alcoholic solvents are thought to be
particularly effective in this reaction because the presence of alkoxide base accelerates the
transmetallation.264 Of the common bases used for Suzuki couplings,262 K3PO4 was found
to be the most promising. It was hypothesised that the increased conversion was due to the
greater basicity of PO4
3– compared to other bases such as CO3
2–.
As suggested earlier, the carbamate protecting group was found not to survive the Suzuki
conditions; in the presence of water at high temperature it is likely to be removed.265
However, some conversion was observed under these conditions and thus investigation of
this reaction was continued with the free amine (Table 5.25).
The temperature proved to be optimal at 100 ◦C; lower temperatures had been found to give
very low conversions, and higher temperatures led to decomposition of the starting material
by protodeboronation to compound 104 (entry 2). The conversion was observed to be highly
dependent on catalyst loading (entries 1, 3 and 4), although the loading should ideally be
kept as low as possible. It was found that the amount of boronic ester 102 had only a small
effect on the conversion; since the boronic ester was difficult to remove by chromatography,
the quantity was reduced to only a 10 % excess for future reactions. The addition of stronger
bases such as KOH or a phosphazene base (BEMP) gave no improvement to the conversion.
Deactivation of catalyst
Previous work had shown that 24 – 44 % of the cross-coupling product was obtained when
the amine substituent was not present in coupling partner 76.230 We postulated that the poor
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Table 5.25 Investigation of the effect of temperature, reaction time and catalyst loading
on the Suzuki cross-coupling reaction.
N
H
S R
OO
Pd2(dba)3
X-Phos
K3PO4 (2 equiv.)
7:3 n-BuOH / H2O
MW
N
N
NN
H2N
Cl
B
N
H
OO
S R
OO
N
N
NN
H2N
N
H
S R
OO
76 102 103
104
Entry R Equiv. Equiv. Equiv. Temp. Time Product Conv. Conv.102 Pd2(dba)3 ligand /
◦C /h to 103a to 104b
1 2-ClC6H4 1.5 10 % 20 % 100 4 103b 60 % 25 %
2 2-ClC6H4 1.5 10 % 20 % 120 4 103b 65 % 45 %
3 2-ClC6H4 1.5 20 % 40 % 100 4 103b 35 % 20 %
4 2-ClC6H4 1.5 1 % 2 % 100 8 103b 80 % 30 %
5 4-ClC6H4 1.5 10 % 20 % 100 4 103d 60 % 30 %
6 4-ClC6H4 1.1 10 % 20 % 100 4 103d 65 % 30 %
7248 Me 1.5 50 %c 100 % 105 3 103a 100 %d n/ae
a Conversion measured by LC-MS; relative peak areas for compounds 103 and 76.
b Conversion measured by LC-MS; relative peak areas for compounds 104 and 102.
c 4 equiv. K3PO4 used.
d 10 % isolated by column chromatography on KP-NH silica.
e The majority of the remaining boronic ester was deborylated.
conversions seen in Table 5.25 were due to deactivation of the palladium catalyst by one of
the reaction components, which was supported by the formation of palladium precipitates
during the reaction. Indeed, when the reaction was performed using a stoichiometric
quantity of the palladium catalyst full conversion was observed, but the product was very
difficult to isolate (Table 5.25, entry 7).
Catalyst deactivation is likely to be caused by poisoning or sequestration, possibly by
the primary amine261 or by a bidentate interaction with the amine and the triazole. The
monophosphine ligand X-Phos is reported to give good results even with heteroaryl chlo-
rides which have free amine substituents,247 which would suggest that the X-Phos ligand
has a particularly strong interaction with the palladium centre.
It was noticed that a large amount of material was retained by the silica gel during chromato-
graphic purification, and this might indicate that polar complexes between the palladium
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and either the starting material or product were forming. However, attempts to break any
such complexes by stirring in acid conditions prior to chromatography were unsuccessful.
Alternative ligands
Therefore, despite the positive reports of using X-Phos in this kind of system,245 we
postulated that a bidentate ligand might be held more strongly to the metal centre and resist
catalyst deactivation. Since the substrates 76 and 102 are relatively low in steric bulk (they
do not have any substituents in an ortho position) we anticipated that a bidentate ligand
would not have a negative effect on the rate of oxidative addition.
The reaction conditions were optimised using the methyl-derivative boronic ester (102e)
which was not expected to give cross-coupling side reactions. During these investigations
(Table 5.27) only starting materials, product 103a and homocoupled product 105 were
observed.
Improved degassing of the solvent prior to the reaction appeared to give superior results
(Table 5.27, entries 2 and 4). Slightly increased conversion and lower homocoupling
was observed when using DPE-Phos (Figure 5.26) as a ligand (entry 3), and even further
improvement when using DtBPF (entry 5), which is likely to have higher activity due to
the greater electron density on the phosphorus atoms. The homocoupling product was very
difficult to remove from the reaction mixture, and so attempts were made to reduce its
formation. A more rapid reaction turnover may disfavour the competing homocoupling
process.
Reducing the catalyst loading compromised the conversion (entry 6), and increasing the
equivalence of boronic ester present had minimal effect (entry 7). However, increasing the
proportion of n-BuOH in the solvent mixture gave lower homocoupling (entry 8).
P
P
Fe
PhPh
PhPh
Pd(II)Cl2
PdCl2.dppf
P
P
Fe
t-But-Bu
t-But-Bu
Pd(II)Cl2
PdCl2.DtBPF
O
P
P
Pd(II)Cl2
Ph
Ph
Ph
Ph
PdCl2.DPEPhos
Figure 5.26 Palladium complexes with bidentate ligands employed in the Suzuki reaction.
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Table 5.27 Investigation of the use of different bidentate ligands for the Suzuki cross-
coupling reaction.
N
H
S
OO
Catalyst
K3PO4 (4 equiv.)
x:y n-BuOH / H2O
100 °C, time
N
N
NN
H2N
Cl
B
N
H
OO
S
OO
N
N
NN
H2N
N
H
S
OO
H
N S
OO
76 102e 103a 105
Entry Equiv. Catalyst (equiv.) a Solv. Ratio Time Conversionb Homoc.b
102e (x:y) /h to 39 (105)
1 1.1 Pd/dppf (0.1) 7 : 3 4 20 % 100 %
2 1.1 Pd/dppf (0.1)c 7 : 3 4 60 % 70 %
3 1.1 Pd/DPE-Phos (0.1) 7 : 3 2 80 % 60 %
4 1.1 Pd/DPE-Phos (0.1)c 7 : 3 2 90 % 50 %
5 1.1 Pd/DtBPF (0.10)c 7 : 3 4 90 % (64 %)d 40 %
6 1.1 Pd/DtBPF (0.05)c 7 : 3 4 80 % 50 %
7 2 Pd/DtBPF (0.10)c 7 : 3 4 60 % 30 %
8 1.1 Pd/DtBPF (0.10)c 9 : 1 4 60 % 20 %
9 1.1 Pd/DtBPF (0.10)c 7 : 3 2 50 % 50 %
10 1.1 Pd/DtBPF (0.10)c 1 : 0 2 0 % n/a
11 1.1 Pd/DtBPF (0.10)c dioxane 2 0 % n/a
a Precatalysts: Pd/dppf = PdCl2 · dppf ·CH2Cl2; Pd/DPE-Phos = PdCl2 ·DPE−Phos;
Pd/DtBPF = PdCl2 ·DtBPF.
b Approximate consumption of compound 76 / generation of homocoupled compound
102; as determined using LC-MS peak areas.
c Freeze-dry degassing technique used (instead of standard nitrogen-bubbling technique).
d Isolated by preparative HPLC.
The optimisation studies indicated that, PdCl2 ·DtBPF was the most successful cata-
lyst/ligand combination, and that a reduction in the amount of water present was beneficial.
Although the presence of water is known to be important in Suzuki processes — it can be
involved in in the hydrolysis of the boronic ester and formation of the reactive boronate
species — DtBPF was reported to have been used in anhydrous dioxane, specifically in
order to avoid side-reactions caused by water.266 However, no reaction was observed when
anhydrous n-butanol (entry 10) or dioxane (entry 11) were used as solvents.
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Purification
The optimised cross-coupling conditions using PdCl2 ·DtBPF in n-butanol / water were
used to obtain compounds 103 in moderate yields. The original hypothesis that the Suzuki
cross-coupling could be performed selectively in the presence of aryl chlorides appeared to
be mostly correct, but although the desired product tended to be the major one there were
many by-products that made isolation very challenging.
Table 5.28 Suzuki cross-coupling reactions to provide intermediates 103.
N
H
S R
OO
PdCl2.DtBPF (0.1 equiv.)
K3PO4 (4 equiv.)
9:1 n-BuOH / H2O
100 °C, 4 h
N
N
NN
H2N
Cl
B
N
H
OO
S R
OO
N
N
NN
H2N
(1.5 equiv.)
76 102 103
Entry R Compound Yielda
1 Me 103a 64 %
2 (2-Cl)C6H4 103b 49 %
3 (3-Cl)C6H4 103c 19 %
4 (4-Cl)C6H4 103d 30 %
5 (3,4-Cl)C6H3 103e 13 %
a Isolated yield after preparative HPLC.
Column chromatography using KP-NH silica had previously been found to consistently
enable separation of compounds with a primary amine substituent when normal-phase
silica failed. However, although isolation of compounds 103 by column chromatography
was possible, it was found to be more efficient to separate the whole mixture using prepar-
ative HPLC, which provided material of high purity for the final step to be investigated.
Compound 103e was notably difficult to purify, as a result of the many minor by-products
present in the mixture. These appeared to be the products of unwanted secondary Suzuki
coupling reactions, as evidenced by 1H NMR and LC-MS.
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5.2.6 Carbamate formation
Combination of the Suzuki products 103b–e with 2 – 4 equivalents of ethyl chloroformate
in the presence of DMAP gave good conversion to one major product, as observed by
LC-MS (Table 5.29). Nevertheless, further purification by preparative HPLC was required
to give sufficiently pure samples for NMR analysis.
Interestingly, when THF was used as the solvent, product 108 was obtained; whereas when
the reaction was performed in DCM, double addition of the carbamate moiety occurred to
provide compound 109.
Table 5.29 Installation of carbamate moieties onto compounds 103b–e. The desired
product (107), with the carbamate present only on the heterocyclic amine, was not ob-
served in any case.
Ethyl chloroformate____
DMAP
NEt3
Solvent
25 °CN
H
S
OO
N
N
NN
H2N
R
Product
N
H
S
OO
N
N
NNH
N
R
O
EtO
N S
OO
N
N
NNH
N
R
O
EtO
N S
OO
N
N
NN
H2N
R
OEtO OEtO
103
(106)
107 108 109
R 103 Solvent Equiv. base Equiv. 106 Product Mass (Yield)
2-Cl 103b THF 10 2 108b <1 mg a,b
3-Cl 103c THF 10 2 108c <1 mg a,b
4-Cl 103d THF 2 2 108d 11 mg (95 %)c
3,4-Cl 103e DCM 2 4 109e 2 mg (38 %)a
a Isolated yield following preparative HPLC.
b Full conversion was observed by LC-MS, but the reaction scale was too small to
record an accurate yield.
c Isolated by solvent extraction.
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This result was surprising: in particular, we had expected the sulfonamide NH to be
deactivated with respect to the aromatic amine, and indeed the relative chemical shifts of
these two environments in the NMR spectra of compound 103b–e suggested that this was
the case. However, NMR analysis of the products of this reaction (Figure 5.30 shows 103c
as an example) indicated that it was the sulfonamide that had in fact reacted first.
5.2.7 Alternative route
The alternative route, as reported for bromosporine (57),219 whereby the carbamate group is
installed whilst the aryl amine is masked as a nitro moiety, before reduction and sulfonamide
formation, turned out to be even less efficient (Scheme 5.31). The amine seemed to be
non-nucleophilic and almost completely deactivated, and only very low conversions were
observed upon treatment with ethyl chloroformate. The starting material had to be cycled
multiple times through this process in order to obtain useful quantities of the desired
carbamate.
NO2
NEt3 (10 equiv.)
DMAP (1 equiv.)
THF, 25 °C, 30 min
N
N
NNH
N
(1.5 equiv.)
NO2
N
N
NN
H2N
Cl
O
OEt
O
EtO
trace
80
106
81
Scheme 5.31 Carbamate formation from nitro analogue 80 was unsuccessful. The
pendant amine seemed to be very deactivated in the presence of the nitro group.
Experiments conducted using the methylsulfonamide derivative 103a suggested that carba-
mate formation took place on the sulfonamide nitrogen rather than on the heteroaryl amine,
even when multiple equivalents of a strong base such as sodium hydride were added to
attempt to activate this position.267
The carbamoylation provided four additional compounds which were suitable subjects for
assessing their performance using the Frontal Affinity Chromatography (FAC) and other
biological assay techniques.
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5.2.8 Biological assessment
Compounds 103, 108b–d and 109e were assessed for binding activity with bromodomain
proteins, including a FAC assay using BRD9.
The FAC column was prepared by filling a 15 µL guard cartridge with biotinylated BRD9
protein immobilised onto streptavidin-coated beads. Column performance was validated by
injecting samples of bromosporine (57) and analogue 110 at different concentrations.230
The quantity of BRD9 units available for binding was determined to be approximately
2 nmol, and the trend and magnitude of the affinity constants of 57 and 110 corresponded
well with reported IC50 data.
219
N
N
NNH
N
N
H
S
OO
EtO
O N
N
NNH
N
O
t-BuO
57 110
Figure 5.32 Compounds used for validating the BRD9 FAC column.
A disadvantage of a chromatographic method is that there is the possibility of binding
by non-specific interactions, such as those involving the streptavidin units or the polymer
support onto which the BRD9 is loaded. In particular, streptavidin exists as a tetramer, with
four biotin-binding positions per unit. The bulk of the BRD9 protein bound in one site is
likely to block the other sites from being occupied, so there are spare binding sites available
to interact with the test compounds.
To determine the effect of non-specific interactions, bromosporine (57) and the void marker
111 were run down a column loaded with streptavidin-coated beads. No significant dif-
ference in the retention times were observed between compounds 57 and 111, confirming
that the retention times observed during the initial validation were caused primarily by
interactions with BRD9.
Void compound 111 is not UV active, but can be be detected using a mass spectrometer.
The use of a mass spectrometer enables a wider range of compounds to be detected and
thus tested, and has greater sensitivity compared to a UV detector; however, it also imposes
some restrictions on the analysis method. In particular, a volatile buffer had to be used to
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avoid filling the nebulisation chamber with salt deposits. Fortunately, the BRD9 column
was found to be stable and functional in the presence of a volatile ammonium acetate buffer.
HO2C
N
H
O N
N
NN
CF3 N
N
NN
CF3
OMe
N
N
NNH
N
N
H
S
OO
EtO
O
111
57 112 113
Figure 5.33 Additional compounds used during the FAC experiments.
Compounds 103b,c,e, 108b–d and 109e, along with bromosporine (57) and analogues
112268 and 113,268 were injected separately into the BRD9 FAC-MS system. By performing
single injections with each compound at the same concentration (Figure 5.35), a ranking of
affinities was constructed by observing the relative retention times within the functionalised
column. These results were compared with thermal shift assays performed against a number
of other proteins spread across the BRD phylogenetic tree (Table 5.34).230,246
Table 5.34 Tm shift data collected230 for compounds across a suite of bromodomain-
containing proteins.
Protein 57 112 113 103b 103e 108b 108c 108d 108e 109e
BRD9 (∆Tm,obs) +8.8 -0.6 +0.6 +2.4 +4.3 +4.4 n.d. +2.7 +1.7 +1.1
BRD1 (∆Tm,obs) +2.5 -1.6 +0.0 +2.3 +3.7 -1.1 +1.8 +2.0 +2.0 +1.5
BRD4A (∆Tm,obs) +6.6 -3.5 -1.3 +6.5 +6.7 +6.2 +5.6 +4.3 +1.8 +3.2
BRPF1A (∆Tm,obs) +0.6 n.d. n.d. +1.0 +5.4 n.d. n.d. +1.7 +1.8 -0.3
BRPF3 (∆Tm,obs) +2.1 n.d. n.d. +1.1 +3.1 n.d. n.d. +1.6 +0.4 +0.0
CECR2 (∆Tm,obs) +8.3 -7.4 -0.1 +3.0 +5.6 n.d. n.d. -10.9 +1.7 +1.6
CREBBP (∆Tm,obs) +3.8 -2.1 -0.9 +4.1 +4.3 +3.5 +4.7 +4.6 +2.0 +3.6
EP300A (∆Tm,obs) n.d. +1.3 +1.3 +3.5 +8.0 +4.2 +4.1 +4.3 +2.5 +3.7
TIF1 (∆Tm,obs) +0.9 -1.7 -0.5 +1.3 +1.8 n.d. +0.2 +1.2 +0.9 +0.5
∆Tm,obs = Difference in temperature of denaturation of the protein with and without the
ligand (at 10 µM), data in ◦C; n.d. = not determined.
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5.2.9 Evaluation
The test compounds were generally found to have reduced activity for BRD9. Interestingly,
compound 103e had increased selectivity for BRPF1A, CECR2 and EP300A, and com-
pounds 103b and 108b retained activity for BRD4 whilst losing their activity for BRD9
and CECR2. Most importantly, the observed trend in the FAC retention times of the test
compound and standard correlated very well with the measured Tm shift of the same com-
pounds with BRD9 (Table 5.36), which gave us additional confidence in the use of this
technique for rapid assessment of new compounds.
Table 5.36 Comparison of FAC results with Tm shift data.
Compound ∆Tm,obs (BRD9) FAC rankinga
57 +8.8 1
103e +4.3 2
108d +2.7 3
103c n.d. 4
103b +2.4 5
108b +4.4 6
108e +1.7 n.d.
109e +1.1 n.d.
113 +0.6 7
112 -0.6 8
a The FAC ranking was obtained by visual iden-
tification of the curve fronts of the FAC-MS
traces (Figure 5.35) and ordering them from
the latest to the earliest.
By tuning the column size it should be possible to analyse compounds with different ranges
of affinities within a reasonable time. The 15 µL column with 2 nmol binding capacity was
found to be able to distinguish between low-to-medium affinity substrates (equivalent to
∆Tm,obs between 0 and 5 ◦C), so it may be useful as a technique for fragment-based drug
discovery programmes.
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5.3 Chemical probes for CECR2
Analogous compounds prepared as part of the research programme were included in a
screening assay against a range of bromodomain proteins.246 Compounds with a “reversed”
sulfonamide moiety (compounds 115–118, Table 5.38) exhibited increased selectivity for
CECR2, another bromodomain protein (Figure 5.37).
The identification of these compounds as being selective for CECR2 was used to inspire
the design and synthesis of a small array of similar compounds. Importantly, the pendant
amine or carbamate chain appeared to be less important for CECR2 binding (compounds
115–119 have increased potency for CECR2 compared to BRD4A), and so we decided to
a b
c
Figure 5.37 (a) Crystal structure of bromosporine (57) bound into BRD4A(1). (b) Bromo-
sporine docked into CECR2, calculated using Schrödinger Glide.248 (c) Calculated binding
interactions between bromosporine (57) and CECR2. Bromosporine is calculated to make
similar interactions with CECR2 as with BRD4A(1), including between the northern triazole
and an asparagine residue, and between the pendant sulfonamide and an aspartic acid
residue.
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Table 5.38 Structure-activity relationship data for a number of compounds as determined
by SGC experiments. A red background indicates strong binding, green indicates weak
binding.
Compound PotencyBRD9 CREBBP CECR2 BRD4A BRD2
57
N
N
NNH
N
N
H
S
OO
EtO
O
0.12 a 0.16 b 0.02 a 0.20 a 0.41 a
114
N
N
NNH
N
NO2
EtO
O
1.18 a 10000 b 0.04 a 35.9 a n.d.
115
N
N
NN
S N
O O
7.14 c 170.6 a 0.05 b 10000 a n.d.
116
N
N
NN
S N
O O
n.d. 10000 a 0.36 a 8.91 c n.d.
117
N
N
NN
S N
O O
22.9 c 10000 a 0.50 b 10000 a n.d.
118
N
N
NN
S N
O O
17.8 c 10000 a 15.9 b n.d. n.d.
119
N
N
NN
N
H
S
OO
13.6 c 10000 a 69.5 b 10000 a n.d.
Data are given as IC50, measured or estimated by:
a AlphaScreen;
b AlphaScreen (single concentration); c Tm shift (estimated).
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focus initially on deaminated analogues of 57. Since this amine group was thought to be
the main source of problems with the cross-coupling step, we anticipated that this strategy
might enable more rapid access to the compounds.
This targeted array would test how well the trend in the binding affinities of the deaminated
analogues correlated with that of the aminated analogues, providing further confirmation
of whether FAC is an effective technique for providing data on fragments as well as final
compounds.
5.3.1 “Reversed” sulfonamide boronic ester
Previous work had investigated chlorosulfonylation of aminotolueneboronic ester 114269,270
or tolueneboronic ester 114271,272 (Scheme 5.39).273 Unfortunately, these attempts to install
the sulfonyl group onto a phenyl boronic ester proved to be unfruitful, thus a different
strategy for their preparation was investigated whereby the boronic acid group was installed
onto a phenylsulfonamide.
BPin
X
BPin
S Cl
O O
BPin
S NR
1R2
O O
HNR1R21. Sulfonylation
2. Chlorination
114a; X = NH2
114b; X = H
115 116
Scheme 5.39 Unsuccessful chlorosulfonylation of phenylboronic esters.
An effective method was the Miyaura borylation274 of bromobenzylsulfonamides 118
prepared by the treatment of sulfonyl chlorides 117 with cyclic amines (Scheme 5.40).
S Cl
OO
HNR1R2
Br
S NR1R2
OO
Br
Borylation S NR1R2
OO
PinB
117 118 119
Scheme 5.40 Access to boronic esters 119 by Miyaura borylation of sulfonamides 118.
The sulfonamides 118 were generated smoothly by treatment of a sulfonyl chloride 117
with a secondary amine at room temperature. This reaction was found to have a good
solvent tolerance, with the highest solubility of the starting material 117 observed in CPME,
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DME or n-butanol. Compounds 117 were treated with polymer-supported amine base (QP-
DMA) before addition of the amine to sequester any traces of hydrolysed sulfonyl chloride
which would be unreactive under these conditions. With this route in hand, borylation of
the sulfonamides 118 was investigated.
5.3.2 Miyaura borylation
In 1995, Miyaura and coworkers reported274 that tetra(alkoxo)diborons such as bis(pina-
colato)diborane 120 can act as a boron nucleophile for cross-coupling with organic elec-
trophiles in the presence of a base.
LnPd(0)
Pd(II)
R
Ln
Cl
Pd(II)
R
Ln
AcO
KOAc
Pd(II)
R
L(n-1)
PinB
BPin
KCl
oxidative
addition
reductive
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transmetallation
aryl halide
metathesis
L
B B
O
O O
O
AcO B
O
O
Pd(II)Cl
R ClR
(PPh3)n-1
PPh2R
BPin
L = PPh3
+  L
120
121
Scheme 5.41 Mechanism of the Miyaura borylation reaction.274
The accepted mechanism (Scheme 5.41) is analogous to the Suzuki-Miyaura cross coupling
reaction,274 and includes the critical presence of a base such as potassium acetate to generate
an activated intermediate which undergoes transmetallation with the diboron. The use of
KOAc is postulated to disfavour homocoupling products; stronger bases such as K2CO3 or
K3PO4 lead to the formation of biaryls by further coupling of the transmetallated palladium
boronate intermediate with the aryl halide.
In cases where electron-poor or electron-rich aryl halides are used, slow transmetallation
can permit a competing pathway involving aryl exchange with the phosphine ligand to
144 Development of inhibitors for bromodomain-containing proteins
afford small quantities of a phenylboronate by-product (121).275
Borylation is reported to be accelerated by polar solvents such as DMSO or DMF, with
slower reactions in dioxane or toluene.274 Considering the difficulty of removing reaction
products from such polar solvents, alternative solvents were considered. CPME was
selected as the first solvent to be evaluated, because it had been found to be useful in the
previous step, a beneficial feature potentially allowing telescoping of steps. CPME is more
polar than other commonly used solvents such as dioxane (with a molecular dipole moment
of 1.27 D compared to 0.45 D for 1,4-dioxane276), and thus functionalisation using this
solvent was investigated first (Table 5.42).
Under the first set of conditions attempted, the reaction was found to proceed with good
conversion to the desired product (123a) (entry 1). However, the formation of an inorganic
Table 5.42 Investigation of ligand systems for Miyaura borylation.
S N
OO
O
B2Pin2
Catalyst
KOAc (3 equiv.)
Solvent
Temperature, Time
B
S N
OO
O
SN
O O
O
O O
2
Br
122a 123a 124
Entry Catalysta Equiv. Solvent (v/v) Temp. Time Conv.
b Homoc.b
B2Pin2 /◦C /h to 123a (124)
1 Pd/dppf 3 CPME 110 3 100 %c 0 %
2 Pd/XP 3 CPME 110 3 100 %c 0 %
3 Pd/XP 1.5 CPME 110 3 100 %c 0 %
4 Pd/XP 1.5 CPME 110 1 100 %c 0 %
5 Pd/XP 1.5 8 : 1 CPME / H2O 110 1 25 % 0 %
6 Pd/XP 1.5 n-BuOH 110 1 100 % 15 %
7 Pd/XP 1.5 9 : 1 n-BuOH / H2O 110 1 100 % 25 %
8 Pd/PEPPSI 1.1 n-BuOH 110 1 0 % –
9 Pd/PEPPSId 1.1 n-BuOH 110 1 100 % 65 %
10 Pd/XP 1.1 n-BuOH 150 1 95 %e 20 %
a Catalysts: Pd/XP = Pd2(dba)3 ·CHCl3 (2 mol%), X-Phos (4 mol%); Pd/dppf = dppf ·PdCl2 ·
CH2Cl2 (4 mol%); PD/PEPPSI = PEPPSI−IPr ·PdCl2 (3 mol%).
b As determined using LC-MS peak areas.
c Formation of precipitate observed.
d 5% catalyst loading.
e 12% isolated yield (column chromatography).
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precipitate, likely to be from the palladium or the KOAc, was also observed. Similar results
were observed using X-Phos as a ligand (entry 2); in this case HPLC analysis suggested a
cleaner reaction. Reduction of the amount of bis(pinacolato)diborane (120) added to the
reaction had no significant effect on the conversion (entry 3). A shorter time of 1 hour was
equally effective (entry 4).
We wanted to investigate the possibility for performing the three-step borylation process
in continuous flow as this would enable the use of automation to generate an array of
coupling partners. For this reason, we investigated further conditions to attempt to reduce
the processing time and also avoid the generation of a precipitate, since this would be highly
undesirable within a heated flow reactor coil.
The precipitate observed in entries 1 – 4 was found to be water soluble; unfortunately,
inclusion of water in the solvent mixture to give a CPME / water ratio of 8/,:/,1 (v/v) did
not promote the reaction, possibly due to the low miscibility of these solvents leading to
sequestration of the base in the aqueous phase (entry 5). n-Butanol is more polar (1.66 D)
than CPME, and is often recommended for Suzuki-type reactions; this solvent was good
in both the sulfonamide formation and Suzuki steps, allowing the possibility for reaction
telescoping. However, in this case the use of n-butanol tended to lead to the generation of
the homocoupled product (124) (entries 6 – 7).
Oxygen is postulated to be involved in homocoupling processes.277 However, oxgyen was
unlikely to be present under the reaction conditions because the same degassing protocol
was followed as for the Suzuki reactions in Section 5.2.5, which had been found to remove
almost all of the oxygen. It was likely therefore that the homocoupling product was formed
due to a slow transmetallation step in the mechanism.
In a limited catalyst and ligand screen, PEPPSI-IPr (Figure 5.43) was included as it is
reported to be an effective ligand for borylation,278 and is in general a highly active
P
P
Fe
PhPh
PhPh
Pd(II)Cl2 Pd
NN
iPr
iPr iPr
iPr
N
ClCl
Cl
PdCl2.dppf PEPPSI-IPr
Figure 5.43 Palladium complexes employed in the Miyaura borylation reaction.
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ligand for Suzuki-type processes.279 N-Heterocyclic carbene ligands are in general stronger
electron donors than phosphine ligands;280 however, the use of PEPPSI-IPr showed no
advantage for this system (entries 8 – 9).
In a similar, related system, a limited screen of solvents and bases was conducted (Ta-
ble 5.42), using dppf (Figure 5.43) as a ligand because it had been observed to keep the
palladium complex to in solution throughout the reaction (Table 5.42, entry 1).
Using an n-BuOH / MeCN solvent system, the sulfonamide (125a) remained in solution.
Full conversion was obtained with low degree of homocoupling (Figure 5.43, entry 1);
however, the isolated yield of compound 126a was only 53 %. Considering the bases,
triethylamine has been reported as an effective base for the Miyaura borylation281 and
since it is a liquid there is no concern of solubility. However, the use of NEt3 led to a
reduced conversion as measured by LC-MS even though there was little effect on the
quantity of 126a isolated (entry 2). Furthermore, although the use of NEt3 enabled the use
of different solvent systems whilst maintaining a homogeneous reaction mixture, there was
no significant improvement in the isolated yield (entries 3 – 5).
Table 5.44 Investigation of Miyaura borylation parameters using PdCl2(dppf) ·CH2Cl2
catalyst complex.
Br
S N
OO
O
B2Pin2 (1.1 eqiv.)
PdCl2(dppf).CH2Cl2
Base (3 equiv.)
Solvent
Temperature, Time
B
S N
OO
O
SN
O O
O
O
O
2
125a 126a 127
Entry Base Solvent (v/v) Temp. Time Conv.a Homoc.
a Yieldb
/◦C /min (127) of 126a
1 KOAc 2:1 n-BuOH / MeCN 150 60 100 % 20 % 53 %
2 NEt3 2:1 n-BuOH / MeCN 150 60 50 % 0 % 54 %
3 NEt3 MeCN 150 60 35 % 0 % 50 %
4 NEt3 1:1 CPME / MeCN 150 60 40 % 0 % 58 %
5 NEt3 8:2 DME / H2O 150 60 100 % 25 % 53 %
6 KOAc 2:2:1 n-BuOH / MeCN / H2O 150 30 100 % 15 % 52 %
7 KOAc 1:1 EtOH / H2O 150 10 100 % 15 % 58 %
8 KOAc 1:1 MeCN / H2O 150 10 100 % 45 % 24 %
a Approximate consumption of 125a / generation of 127; peak areas measured by LC-MS.
b Isolated yield, following column chromatography.
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The use of water as an additive to the n-BuOH / MeCN solvent system was evaluated as
it allowed better solvation of the inorganic base. The results indicate that there was no
detrimental effect on the conversion or yield, and in this case the reaction was complete
within 30 minutes as evidenced by LC-MS (entry 6).
Monophasic aqueous solvent systems were also investigated, because these may have led to
more favourable continuous flow conditions. Both ethanol / water and acetonitrile / water
solvent systems led to full consumption of the starting material 125a within 10 minutes
as observed by LC-MS, but without significant improvement in the isolated yield. The
homocoupling product (127) was difficult to separate from the desired product by column
chromatography, leading to the low isolated yields. Therefore, in the interests of time, we
decided to progress with a batch-mode synthesis method using the original KOAc / CPME
conditions, since these had been found to produce the smallest quantity of by-products.
5.3.3 Suzuki cross-coupling
Initial screening of reaction conditions using the procedure previously investigated for the
preparation of the BRD9 probes (see Section 5.2.5) indicated very high and clean conversion
as observed by LC-MS, but only a trace of compound 128a was isolated after purification
by preparative HPLC (Scheme 5.45). The poor recovery and isolation of compound 128a
indicated that purification was the most significant problem for these compounds.
Pd2(dba)3 (10 mol%)
X-Phos (20 mol%)
K3PO4 (4 equiv.)
4:1 n-BuOH / H2O
100 °C, 2 h
B
S N
OO
O
S N
OO
OO
O
N
N
NN
Cl
NN
N
N
(< 1 mg)
129 126a 128a
Scheme 5.45 Initial attempt at cross-coupling between 129 and boronic ester 126a.
The mass of the product recovered after preparative HPLC was too low for accurate
measurement.
One-pot borylation and cross-coupling reactions are precedented in the literature,282 so an
attempt at telescoping the clean Miyaura borylation reaction with the Suzuki cross-coupling
reaction was attempted. Pleasingly, this methodology allowed rapid access to an array
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Scheme 5.46 One-pot synthesis of compounds 128 and 132. Conditions: Step 1.
HNR1R2 (1.1 equiv.), 8 : 1 n-BuOH / water, 25 ◦C, 5 min. Step 2. B2Pin2 (1.1 equiv.),
Pd2(dba)3 (0.02 equiv.), X-Phos (0.04 equiv.), KOAc (3 equiv.), CPME, 110
◦C, 1 h. Step 3.
129 (1 equiv.), Pd2(dba)3 (0.2 equiv.), X-Phos (0.4 equiv.), K3PO4 (3 equiv.), 4 : 1 n-BuOH
/ water, 100 ◦C, 2 h.
of compounds; after each step the solvents were removed and new reagents were added
without purification of the intermediates and the final products were isolated by column
chromatography (Scheme 5.46, Table 5.47).
Table 5.47 Compounds synthesised for biological testing against CECR2.
Entry Boronic Ester R Compound Yielda
1 BPin
S R
O O
N
O
128a 2 %
2 N 128b 2 %
3 N 128c 4 %
4 N
N
128d 3 %
5
S R
O O
BPin N 132a 12 %
6 N 132b 4 %
7 N 132c 1 %
a Isolated yield (column chromatography) over three steps.
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5.3.4 Biological analysis
The affinities of compounds 128a,c,d and 132a,b, as well as compounds 133248 and 134248
for BRD proteins were determined using four different methods. Firstly, using the FAC
method described in Section 5.2.8, solutions of each compound (12.5 µM in ethanol) were
injected into a column functionalised with CECR2 protein. All of the compounds were
UV-active, so the output was detected by UV spectroscopy, using DMSO as the co-solvent
and void marker. This assay method allowed an approximate ranking of their affinities to be
contructed (Figure 5.49). The results were found to be highly dependent on concentration;
compound 132b was very poorly soluble in the ethanol / DMSO system making assessment
of its binding ambiguous, with a large margin of error.
In a second FAC assay method, injections of each substrate at three different concentrations
(6.25, 12.5 and 25 µM) were performed, to obtain a trend of ∆v against concentration. To
calculate ∆v for each compound, a sigmoid curve was fitted to the “front” of the absorbance
signal pattern. These data were used to calculate a value for Kd for each compound by
performing a nonlinear curve fitting of ∆v against concentration (Figure 5.48).
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Figure 5.48 (a) FAC curves for compound 128c at 6.25, 12.5 and 25 µM. (b) Nonlinear
regression of (V −V0)[A0] = (Bt [A])/(Kd +[A]) to obtain a value for Kd .
In a third (virtual) method, the structures were docked into a model of the CECR2 protein in
silico using Schrödinger Glide,283 to estimate their relative binding affinities. The affinities
that were calculated by Glide§ followed a similar trend to the FAC results, suggesting
that the same binding site is active in the protein in vitro and in the FAC column. The
involvement of water atoms, which are found to be conserved within the binding sites
of many bromodomain proteins, may affect compound binding.284 The effect of water
§ Glide generates numerical binding scores; more negative scores indicate stronger bonding.
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Figure 5.50 Depiction of the test compounds docked into CECR2, showing the most
favourable binding orientations as calculated by Glide.
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molecules in compound binding may be used to explain the high binding results returned
for compounds 128a and 132b which were found to have a low affinity in the FAC assay.
In the fourth method, the compounds were analysed246 against a set of BRD proteins using
Tm shift measurements (Table 5.51).
Table 5.51 Tm shift data collected for compounds 128, 132, 133 and 134 across a suite
of bromodomain-containing proteins.246
Compound ∆Tm,obsBRD1 BRD4A BRD9 BRPF1B CECR2 CREBBP BRPF3
128a −0.92 0.17 2.64 −0.63 0.66 −1.34 −0.01
128c −0.27 1.30 2.35 0.35 0.48 0.48 −0.11
128d 0.14 1.20 1.40 0.30 0.61 −0.81 0.19
132a 0.89 4.79 1.15 0.78 0.74 0.79 0.43
132b 0.30 1.14 1.90 0.12 0.83 0.36 0.30
133248 0.82 7.39 6.44 2.57 8.08 2.21 0.91
134248 0.49 4.86 7.03 2.41 9.80 1.71 0.12
∆Tm,obs = Difference in temperature of denaturation of the protein with and without the ligand,
data in ◦C.
Compounds 133 and 134, which have a pendant carbamate moiety similar to bromosporine,
showed a greater affinity for the proteins. This indicates that the presence of this side-chain
significantly affects their affinity for CECR2. Furthermore, the assay methods show the
ability to distinguish between substrates that have weak binding affinities. This result is
very promising, since fragments and intermediates such as 131a could be tested at early
stages during a library synthesis providing additional data with which to direct a discovery
project.
5.4 Conclusion
An array of compounds was generated and tested against a set of bromodomain compounds
using both conventional and FAC biological assay methods. The data produced by the FAC
technique was found to correlate well with that produced by the conventional methods
(Table 5.52). With an appropriately-sized column, FAC is able to distinguish between
compounds with relatively low affinities for the protein under analysis, suggesting that it
could be an effective assay method for fragment-based discovery programmes.
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Table 5.52 Comparison of data from different assay techniques for compounds 132, 128,
133 and 134. (A more negative Glide score indicates stronger calculated affinity).
Compound FAC rankinga FAC Kd /µM Glide score ∆Tm,obs (CECR2)
134 1 n.d. −8.3 9.80
133 2 54±6 n.d. 8.08
132b n.d. n.d. −7.6 0.83
132a 3 45±7 −7.8 0.74
128c 4 41±8 −7.4 0.48
128d 5 62±30 −6.4 0.61
128a 6 208±156 −7.3 0.66
a Determined by visual inspection of absorption curves (Figure 5.49) to identify
the breakthrough volume, then ordering from the latest to the earliest.
Since FAC is fundamentally a chromatographic technique it is possible that with further
development FAC analysis could be integrated into a flow synthesis platform to provide
rapid feedback on compounds as they are produced. Alternatively, with additional equip-
ment such as a column-switching device sometimes included in laboratory HPLC setup,
compounds could be tested against a suite of proteins within a matter of hours using a
bench-top system.
Flow synthesis was found to provide benefits in the early stages of this synthesis to enable
relatively large-scale reactions to be performed using hazardous reagents. Future develop-
ment of flow chemistry systems285 or alternative automated batch-synthesis platforms286
may lead to improvements in the later stages of a discovery programme where materials
are being handled in smaller quantities and under a greater variety of conditions.
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Conclusion
The goal of this work was to investigate how automation could contribute to flow synthesis
programmes, and to develop tools to make computer-enabled processes easier to implement
so that the use of this technology might become more commonplace in the future.
“Solid-phase” synthesis is an important application of immobilised reagents, a key compo-
nent in the flow chemistry toolbox. Automation methods were found to enable the more
repetitive synthetic tasks to be performed under complete computer control so that long
tasks, or operations requiring complex sequences, could be carried out overnight and with
greater consistency between experiments.
The software packages currently supplied with commercially available flow chemistry
platforms were found to be incapable of the more complex operations that might be
required. The available laboratory automation software packages are primarily targeted
at biochemical assaying applications. A new control and monitoring system (Octopus)
was developed using the Python programming language, and the source code released
under an open-source license so that publications using this software might be more readily
reproducible.
This system was applied to a two-step hydration/reduction sequence to obtain piperazine-
2-carbonitrile, a valuable 3D building block. This involved the integration of a Vapourtec
R2+/R4 system, a Knauer HPLC pump, a FlowIR spectrometer, an H-Cube hydrogenation
reactor and a multi-position valve; this would have been much more challenging using pre-
vious automation technologies. Application of the system for running multiple experiments,
such as for a Design of Experiments procedure, was demonstrated.
Automation techniques were also found to be invaluable in the multi-step flow synthesis of
2-aminoadamantane-2-carboxylic acid, which required intermediate work-up operations
between different stages. We were able to implement multiple independent steps with
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control of several different devices and operations, which would have been very difficult to
achieve manually.
Finally, flow chemistry and remote control and monitoring methods were applied where
appropriate to a discovery programme for inhibitors of bromodomain proteins. The Frontal-
Affinity Chromatography (FAC) technique was shown to provide results that were consistent
with conventional assay methods. Since FAC could conceivably be integrated into a flow
synthesis system it has the potential to form part of a machine-assisted, “closed-loop”
discovery programme where biological data are fed directly into an automated synthesis
platform for iterative development of biologically-active molecules.
In summary, automation technology has allowed more complex flow synthesis platforms
to be operated under precise control. A number of other research programmes within
our laboratory have started to use these automation systems. Future development of the
software control package should make this technology accessible to non-programmers.
Another important area for future development will be for the intelligent automation of
analysis and purification procedures, since the running of reactions is probably one of the
easier aspects of synthetic chemistry to automate! Nevertheless, routine automation of
experiments could remove some of the variation inherent in synthesis, and lead to much
more reproducible and better documented procedures.
Appendix A
Synchronous instrument controller
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Listing A.1 vapourtec.py Class for creating objects to control Vapourtec R2+/R4
machines using a Python script. Commands are synchronous, i.e. the programme freezes
until a response is received from the machine. Please note that the commands have been
redacted in the PDF version of this document.
import time
import math
import sys
class R2R4 (object):
transport = None
def __init__ (self, transport):
""" Initialise the controller with a transport object. """
transport.setTerminator("\r\n")
transport.open()
self.transport = transport
def _send (self, line):
return self.transport.send(line)
def _press (self, key):
""" Emulate a button press on the machine. """
return self._send(" " + str(key))
def status (self):
""" Get the current status.
returns: 0 = off, 1 = on, >1 = error """
return self._send("").split()[0]
def on (self):
""" Power on the machine. """
return self._send("")
def off (self):
""" Power off the machine. """
return self._send("")
def waste (self):
""" Direct output to waste. """
return self._press(8)
def collect (self):
""" Collect output. """
return self._press(9)
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def temp (self, heater, target):
""" Set heater temperature.
heater = 0, 1, 2 or 3.
target = -1000 or 20 to 250 """
return self._send("  {:d} {:d}".format(heater, target))
def valve (self, channel, position):
""" Switch a valve.
channel = "orange", "purple" or "both"
position = "solvent", "reagent", "load" or "inject"
"""
positions = ["solvent", "reagent", "load", "inject"]
orange = [0, 1, 4, 5]
purple = [2, 3, 6, 7]
if channel == "orange":
return self._press(orange[positions.index(position)])
if channel == "purple":
return self._press(purple[positions.index(position)])
if channel == "both":
return (
self._press(orange[positions.index(position)]),
self._press(purple[positions.index(position)])
)
def flowrate (self, channel, rate):
""" Set the pump flowrate.
channel = "orange", "purple" or "both"
rate = flowrate in uL/min
"""
if channel == "both":
return (
self._send(" 0 {:d}".format(rate)),
self._send(" 1 {:d}".format(rate))
)
if channel == "orange":
channel = 0
if channel == "purple":
channel = 1
return self._send(" {:d} {:d}".format(channel, rate))
def pressures (self):
""" Read the current pressures """
return self._send("").split("&").pop().split(',')[1:]
# Continued...
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def wait (self, hours = 0, mins = 0, seconds = 0, keepalive = False):
""" Wait for specified time, printing out current pressure every minute.
If keepalive = True, reactor is switched back on if it stops """
# Caclulate the time to stop
end_time = time.time() + (hours * 60 * 60) + (mins * 60) + seconds
while 1:
now = time.time()
# Stop at the end time
if (now > end_time):
break;
left = math.ceil((end_time - now) / 60)
m_left = left % 60
h_left = left / 60
p = self._pressures()
# Print the current pressure readings
sys.stdout.write(
"\rWaiting: %dh %dm Pressures S:%d A:%d B:%d "
% (
h_left, m_left,
int(p[0]), int(p[1]), int(p[2])
)
)
sys.stdout.flush()
# If the R2 is not running, start it.
if keepalive:
for j in range(60):
if self.status() != 1:
self.on()
time.sleep(1) # Check once per second.
else:
time.sleep(60)
print "\n"
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Listing A.2 vici.py Class for creating objects to control Valco VICI microelectric
multiposition valves.
import time
import math
import sys
class MultiValve (object):
transport = None
positions = 0
def __init__ (self, transport):
transport.setTerminator("\r")
transport.open()
self.transport = transport
self.positions = self.num_positions()
def _send (self, line):
return self.transport.send(line)
def num_positions (self):
""" Read the current number of positions """
return int(self._send("NP").split('=')[1])
def position (self):
""" Read the current valve position """
return int(self._send("CP").split('=')[1])
def advance (self, number):
""" Move by [number] positions """
return self.move(self.position() + int(number))
def move (self, position, direction = 'fastest'):
""" Move to [position].
direction = "clockwise", "counterclockwise" or "fastest"
"""
if (direction in ('f', 'fastest')):
command = 'GO'
elif (direction in ('c', 'cw', 'clockwise')):
command = 'CW'
elif (direction in ('a', 'cc', 'counterclockwise')):
command = 'CC'
# Make sure position is between 1 and NP
position = ((int(position) - 1) % self.positions) + 1
# Trying to move to current position would give an error
if self.position() == position:
return 'OK'
# Continued...
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# Move, then get new pos immediately. (The valve will not respond to
# GO/CC/CW commands, so the CP request is needed so that transport.send
# doesn't wait forever, and is useful as CP only responds once the move
# has been completed.)
new_pos = int(self._send(command + str(position) + "\rCP").split('=')[1])
if new_pos == position:
return 'OK'
else:
return 'Error'
Listing A.3 transport.py Class for creating objects to communicate over a serial
connection. Messages are sent with a terminating sequence, and then the response is
read until the terminating sequence is received.
class serial (object):
ser = None
_terminator = None
_terminator_len = 0
def __init__ (self, port):
import serial
self.ser = serial.Serial()
self.ser.port = port
self.ser.baudrate = 19200
self.ser.timeout = 1
def setTerminator (self, terminator):
self._terminator = terminator
self._terminator_len = len(terminator)
def open (self):
self.ser.open()
def close (self):
self.ser.close()
def send (self, line):
buff = ""
self.socket.send(line + self._terminator)
while len(buff) < self._terminator_len \
or buff[-self._terminator_len:] != self._terminator:
buff = buff + self.ser.read()
return buff[:-self._terminator_len]
Appendix B
Control scripts for monolith
processing
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Listing B.1 Example of a programme to perform a stop-flow sequence over a number of
cycles.
import transport, vapourtec
R2 = vapourtec.R2R4(transport.serial("COM1"))
flow_rate = 200 # Flow rate in uL/min
column_volume = 3000 # Column volume in uL
cycles = 4 # Number of stop-flow cycles to run
temp = 100 # Heating temperature
wait_mins = 120 # Heating time per cycle
# Set up reactor
R2.valve("orange", "reagent")
R2.temp(1, temp)
R2.on()
# Wait for the heater (~80 C/min)
time.sleep(temp / 80.)
for i in range(cycles):
print "Running cycle {:d}".format(i)
# Pump reagent in
R2.flowrate("orange", flow_rate)
R2.wait(mins = column_volume / float(flow_rate))
# Adjust the flow rate of both pumps
R2.flowrate("orange", 0)
R2.wait(mins = wait_mins, keepalive = True)
# Final solvent wash
print "Washing"
R2.valve("orange", "solvent")
R2.flowrate("orange", flow_rate)
R2.wait(mins = column_volume / float(flow_rate))
R2.off()
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Listing B.2 Programme to wash four new monoliths and then perform a cyclisation
reaction on each one.
import transport, vapourtec, vici
R2 = vapourtec.R2R4(transport.serial("COM1"))
V = vici.MultiValve(transport.serial("COM2"))
# Function to run a solvent switch
def solvent_switch (old_channel, new_channel, flow_rate, steps):
for i in range(steps):
change = (i + 1) * flow_rate / steps
R2.flowrate(old_channel, flow_rate - change)
R2.flowrate(new_channel, change)
R2.wait(mins = 20)
# Set up reactor
R2.valve("both", "solvent")
R2.flowrate("purple", 0)
R2.flowrate("orange", 100)
for i in range(4):
R2.temp(i, 25)
R2.on()
# Run 4 columns
for i in range(4):
print "Column {:d}".format(i + 1)
V.move(i + 2)
print "Ethanol Wash"
R2.wait(hours = 2)
print "Solvent Switch to MeCN"
solvent_switch("orange", "purple", 200, 4)
print "Cyclisation"
R2.valve("both", "reagent")
R2.flowrate("both", 100)
R2.wait(hours = 5)
print "Rinse\n"
R2.temp(i, -1000)
R2.valve("both", "solvent")
R2.wait(mins = 20)
R2.flowrate("purple", 0)
R2.off()
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Listing B.3 Programme to perform oxidative activation on four columns, and then run
interleaved stop/flow reactions using a different amine for each column. The load/inject
valve on the orange channel is used to isolate the multi-position valve during position
changes to avoid contaminating columns with the wrong reagents; careful washing of the
dead volume is required.
import transport, vapourtec, vici
R2 = vapourtec.R2R4(transport.serial("COM1"))
V = vici.MultiValve(transport.serial("COM2"))
cycles = 4 # Number of stop-flow cycles
column_volume = 3000 # Monolith dead volume
# Function to run a solvent switch
def solvent_switch (old_channel, new_channel, flow_rate, steps):
for i in range(steps):
change = (i + 1) * flow_rate / steps
R2.flowrate(old_channel, flow_rate - change)
R2.flowrate(new_channel, change)
R2.wait(mins = 20)
# Set up reactor - initially pump DCM
R2.valve("both", "solvent")
R2.flowrate("purple", 100)
R2.flowrate("orange", 0)
V.move(1)
for i in range(4):
R2.temp(i, 25)
R2.on()
# Continued...
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# Run oxidation + solvent switch on 4 columns
for i in range(4):
print "Column {:d}".format(i + 1)
R2.valve("orange", "reagent")
R2.flowrate("purple", 0)
R2.flowrate("orange", 90)
R2.wait(mins = 2) # Flush out any dioxane
print "Pre-wash"
R2.valve("orange", "load")
V.move(i + 2)
R2.valve("orange", "inject")
print "Oxidation"
R2.wait(hours = 2)
print "Solvent Switch to Dioxane"
R2.valve("both", "solvent")
R2.flowrate("purple", 200)
R2.flowrate("orange", 0)
solvent_switch("purple", "orange", 200, 4)
print "Post-wash"
R2.valve("orange", "load")
V.move(1)
R2.valve("orange", "inject")
R2.flowrate("purple", 500)
R2.flowrate("orange", 0)
R2.wait(mins = 1)
# Wash through with Dioxane
R2.valve("purple", "reagent")
R2.valve("orange", "solvent")
R2.flowrate("both", 500)
R2.wait(mins = 2)
# Continued...
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# Run stop-flow release cycles
for cycle in range(cycles + 1):
# Once for each column, per cycle...
for i in range(4):
print "Column {:d}".format(i + 1)
# Wash through to second valve with dioxane
R2.flowrate("orange", 500)
R2.flowrate("purple", 0)
R2.wait(mins = 1)
if cycle < cycles:
R2.temp(i, 100)
# Wash through to first valve with amine
R2.valve("orange", "load")
V.move(i + 2)
R2.flowrate("purple", 200)
R2.wait(mins = 2)
# Inject amine into column
R2.flowrate("orange", 0)
R2.flowrate("purple", 100)
R2.valve("orange", "inject")
R2.wait(mins = column_volume / 100.)
R2.flowrate("purple", 0)
# Rinse with dioxane after last cycle
else:
R2.temp(i, -1000)
R2.valve("orange", "load")
V.move(i + 2)
R2.flowrate("orange", 100)
R2.valve("orange", "inject")
R2.wait(mins = column_volume / 100.)
# Set up to wash through to second valve
# with dioxane (on next cycle)
R2.valve("orange", "load")
V.move(1)
R2.valve("orange", "inject")
R2.off()
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General Experimental Information
Ethyl acetate, hexane, dichloromethane and toluene were obtained from Fisher Scientific
and distilled before use. Absolute ethanol was obtained from Sigma-Aldrich, and HPLC
grade methanol, isopropanol and acetonitrile were obtained from Fisher Scientific and used
without further purification. Unless otherwise specified, all other reagents and solvents
were obtained from commercial sources and used without further purification. All reactions
were performed under an atmosphere of air unless otherwise specified.
Silica gel chromatography was performed on a Biotage SP1 purification system with pre-
packed SiliCycle silica cartridges (4, 12, 25 or 40 g), or similar cartridges manually packed
with Biotage KP-NH silica. Analytical thin-layer chromatography (TLC) was performed
using pre-coated glass-backed plates (Merck Kieselgel 60 F254) and visualized under ultra-
violet light (short and long-wave) or using potassium permanganate (KMnO4). LC-MS
analysis was performed on an Agilent HP 1100 series chromatography (Mercury Luna 3u
C18 (2) column) attached to a Waters ZQ2000 mass spectrometer with ESCi ionisation
source in ESI mode. Elution was carried out at a flow rate of 0.6 mL/min using a reverse
phase gradient of MeCN and water containing 0.1 % formic acid:
Time /min % MeCN
0.0 5
1.0 5
4.0 95
5.0 95
7.0 5
8.0 5
1H NMR spectra were recorded in CDCl3, DMSO-d6, or MeOH-d4 on a Bruker Avance
DPX-400, DRX-500 Cryo or DRX-600 spectrometer with residual CHCl3, DMSO or
MeOH as the internal reference (δH = 7.26, 2.50 or 4.87 ppm, respectively). 1H resonances
are reported to the nearest 0.01 ppm. 13C NMR spectra were recorded in CDCl3, DMSO-d6
or MeOH-d4 on the same spectrometers with the central peak of CHCl3, DMSO or MeOH
as the internal reference (δC = 77.0, 39.5 or 49.1 ppm, respectively). 13C resonances are
reported to the nearest 0.01 ppm. DEPT-135, COSY, HMQC, and HMBC experiments were
used to aid structural determination and spectral assignment. The multiplicity of the 1H and
13C signals are indicated as: s = singlet, d = doublet, t = triplet, q = quartet, m = multiplet,
Experimental 171
br = broad, dd = doublet of doublets, etc. Coupling constants (J) are quoted in Hz and
reported to the nearest 0.1 Hz.
Infrared spectra were recorded on a Perkin-Elmer Spectrum One FT-IR spectrometer using
universal ATR sampling accessories. Letters in parentheses refer to relative absorbance
with respect to the most intense peak: w = weak (< 40 %), m = medium (40 – 75 %), s =
strong (> 75 %). Melting points were performed on a Stanford Research Systems MPA100
(OptiMelt) automated melting point system and are uncorrected. High resolution mass
spectrometry (HRMS) within ±5 ppm was carried out either on a Waters Micromass LCT
Premier spectrometer using time of flight with positive electrospray ionisation, or by Mr
Paul Skelton on a Bruker BioApex 47e FTICR spectrometer using positive ESI or EI at
70 eV, to within a tolerance of 5 ppm of the theoretically calculated value.
Elemental composition microanalysis was performed by the Microanalytical Laboratories
at the Department of Chemistry, University of Cambridge and results are reported to two
decimal places.
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Solid-supported synthesis of 2-aminopyrimidines
General Experimental Information
Monolithic reagents were formed and used in glass Omnifit columns, sealed for polymeri-
sation with custom made PTFE end pieces and heated using a Vapourtec R4 convection
heating system.
Magic Angle Spinning NMR spectra were recorded by Dr David Reid on a Bruker DRX-
400 spectrometer at room temperature using a Bruker HR-MAS probe at the Cambridge
University Chemical Laboratory.
Divinylbenzene (80 % technical grade) was obtained from Sigma-Aldrich.
Amino[(4-ethenylbenzyl)sulfanyl]methanaminium chloride (11)287
3
S1H2N
NH2 2'
3'
5'
6'
Cl
4-Vinylbenzyl chloride (60.0 g, 0.394 mmol) and thiourea (25.00 g, 0.329 mmol) in ethanol
(165 mL) were heated to reflux for 6 h, until all of the thiourea had been consumed as
observed by TLC (mobile phase: 1:1 EtOAc / hexane, v/v). The ethanol was removed
under reduced pressure and the resulting yellow solid was washed with ether (3×20 mL).
Drying in vacuo gave the title compound (67.1 g, 0.29 mmol, 90 %) as an off-white solid,
m.p. >250 ◦C (decomp.).
1H NMR (600 MHz, DMSO-d6): δ /ppm = 9.49 (br. s, 2 H, NH2), 9.37 (br. s, 2 H, NH2),
7.46 (d, J = 8.1 Hz, 2 H, H-2′), 7.39 (d, J = 8.1 Hz, 2 H, H-3′), 6.71 (dd, J = 10.9 Hz and
6.7 Hz, 1 H, H-5′), 5.83 (d, J = 6.7 Hz, 1 H, H-6′cis), 5.26 (d, J = 10.9 Hz, 1 H, H-6′trans),
4.52 (s, 2 H, H-3). 13C NMR (100 MHz, DMSO-d6): δ /ppm = 169.29 (C-1), 136.75 (C-4′),
136.06 (CH, C-5′), 134.93 (C-1′), 129.33 (CH, C-2′), 126.46 (CH, C-3′), 114.83 (CH2,
C-6′), 33.97 (CH2, C-3). IR (neat): ν /cm−1 = 3270 (w, br.), 3179 (w, br.), 3043 (m, br.),
2722 (w), 1655 (s), 1629 (w), 1508 (w), 1437 (m), 1405 (m), 1306 (w), 1256 (w), 1206 (w),
1164 (w), 1113 (w), 1093 (w), 1017 (w), 987 (m), 915 (m), 908 (m), 832 (m), 675 (s, br).
HRMS: m/z calc. for [C10H13S1N2]
+ ([M – Cl]+) 193.0794, found 193.0800, ∆ = 3.1 ppm.
Experimental 173
Thiouronium chloride monolith (M1)
SH2N
NH2Cl
The reaction scale specified below forms a monolith that fills a 7.845 mL glass Omnifit
column (10 mm ID × 100 mm length). Multiple monoliths, or monoliths of other volumes,
can be made from the same stock solution by multiplying the values below as appro-
priate. Divinylbenzene (DVB) (0.77 g, 5.9 mmol) was added to amino[(4-ethenylbenz-
yl)sulfanyl]methanaminium chloride (1.16 g, 5.0 mmol) suspended in 1-propanol (3.59 g,
81.5 mmol) and water (0.65 g, 36.1 mmol) and the mixture was heated to 50 ◦C. Once
complete dissolution had been achieved, 1,1′-azobis(cyclohexanecarbonitrile) (ACHC)
(19.4 mg, 0.08 mmol, 0.3 mol% with respect to the monomer + crosslinker) was added and
the mixture stirred for another 5 minutes without further heating. A 10 mm ID × 100 mm
length glass column was filled to a height of 7 cm with this solution, and both ends of the
column were sealed with custom-made PTFE end plugs. The column was heated at 90 ◦C
for 20 hours using a Vapourtec R4 convection heater, resulting in a rigid white monolith
(the start of precipitation polymerisation was observed after 30 minutes at temperature).
Following polymerisation, the monolith was allowed to cool to room temperature, and the
end seals were exchanged for standard tubing connectors. To remove the porogen and any
residual nonpolymeric material, the monolith was then heated to 60 ◦C and washed with
ethanol at 0.2 mL/min, without a back-pressure regulator, for 1 hour using a Vapourtec R2+
flow system. A 100 psi back-pressure regulator was added to the system and the monolith
was then flushed at 0.2 mL/min for another hour. The flow rate was then slowly increased
to 1.5 mL/min over the next hour, the monolith inverted and then the process repeated. The
monolith was finally flushed at 0.2 mL/min for 30 minutes while being allowed to cool to
room temperature to give the title compound (dry weight 1.6 g) as a white monolith.
13C NMR (100 MHz, solid state): δ /ppm = 171.38, 144.98, 128.23, 40.35. IR (neat):
ν /cm−1 = 2160 (w, br.), 1647 (m), 1438 (m). Microanalysis: found C 67.47%, H 6.71%,
N 7.34%, Cl 9.25% (Loading = 2.6 mmol/g, based on proportions of N and Cl).
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Linear pressure response of monolith M1:
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4-Amino-2-((4-vinylbenzyl)thio)pyrimidine-5-carbonitrile (15)
NC
H2N 4 N 2 S
2'
3'
5'
6'
N
6
To a mixture of amino[(4-ethenylbenzyl)sulfanyl]methanaminium chloride (11, 1.6 g,
7.0 mmol) and ethoxymethylene(malononitrile) (620 mg) in ethanol (40 mL) was added
(i−Pr)2NEt (1.3 mL) in one portion at 25 ◦C with stirring. The mixture was stirred for 1
hour, during which time a yellow precipitate formed. The solvent was removed, and the
residue partitioned between ethyl acetate (30 mL) and water (30 mL). The organic phase
was washed with water (2×30 mL), brine (2×30 mL), dried (MgSO4) and the solvent
removed to afford the title compound (1.6 g, 5.8 mmol, 83 %) as a yellow solid.
A sample was purified by column chromatography for analysis (eluent: ethyl acetate
/ hexane; 0 : 1 to 3 : 7 over 35 CV, 3 : 7 to 9 : 1 over 5 CV, then 9 : 1 for 20 CV), m.p.
163 – 164 ◦C.
1H NMR (400 MHz, CDCl3): δ /ppm = 8.34 (s, 1 H, H-6), 7.35 (br. s, 4 H, H-2′ and H-3′),
6.69 (dd, J = 17.6 Hz and 10.9 Hz, 1 H, H-6′trans), 5.73 (dd, J = 17.6 Hz and 0.9 Hz, 1 H,
H-6′cis), 5.60 (br. s, 2 H, NH2), 5.24 (dd, J = 10.9 Hz and 0.9 Hz, 1 H, H-5
′), 4.35 (s, 2 H,
CH2).
13C NMR (100 MHz, CDCl3): δ /ppm = 175.73, 161.55, 159.61 (CH), 136.84,
136.30 (CH), 129.18 (CH), 126.41 (CH), 114.94, 114.04 (CH2), 86.57, 35.22 (CH2). IR
(neat): ν /cm−1 = 3804 (w), 3751 (w), 3711 (w), 3630 (w), 3600 (w), 3399 (w), 3328 (w),
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3217 (w), 2383 (w), 2359 (w), 2343 (w), 2326 (w), 2310 (w), 2225 (w), 2126 (w), 2036
(w), 1908 (w), 1647 (s), 1587 (s), 1538 (s), 1511 (m), 1474 (m), 1432 (w), 1405 (w), 1381
(s), 1326 (w), 1236 (m), 1159 (m), 1100 (w), 1048 (w), 1018 (w), 986 (w), 971 (w), 951
(m), 899 (m), 844 (m), 773 (m), 754 (w), 733 (w), 710 (w), 682 (w). HRMS: m/z calc. for
[C14H13N4S]
+ ([M + H]+) 269.0861, found 269.0857, ∆ = −1.5 ppm.
Monolith M2
N S
N
NC
H2N
A solution of ethoxymethylene(malononitrile) (15 mmol, 3 equiv.) in DMF / MeCN (1 : 1,
v/v, 20 mL) and (i−Pr)2NEt (5.21 mL, 30 mmol, 6 equiv.) in MeCN (20 mL) were each
pumped at 0.1 mL/min, to combine in a tee mixer ( 0.5 mm, PEEK). The resulting stream
passed into the monolith M1, which was maintained at 25 ◦C. The system was pressurised
using a 100 psi back-pressure regulator placed in-line after the monolith. During the loading
process, the monolith gradually assumed a dark yellow colour. After loading, the system
was flushed for 1 hour with EtOH at 0.2 mL/min, whilst maintaining the temperature at
25 ◦C. The obtained monolith M2 was used directly in the following step.
IR (neat): ν /cm−1 = 3361 (w), 2919 (w), 2218 (w), 1618 (m), 1574 (s), 1535 (m), 1511
(m), 1485 (m), 1419 (w), 1363 (s), 1315 (w), 1221 (m), 1020 (w), 950 (w), 779 (m), 709
(m). Dry weight: 1.47 g. Microanalysis: found C 72.43%, H 5.82%, N 12.39%.
Oxidised monolith M3
N S
N
NC
H2N
O O
Monolith M2 was washed for 30 minutes with CH2Cl2 pumped at 0.5 mL/min. A solution
of m-CPBA (15 mmol, 3 equiv.) in CH2Cl2 (20 mL) was pumped, from a reservoir stored at
0 ◦C (ice/water bath), at 0.1 mL/min through the monolith, which was maintained at 25 ◦C.
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The monolith assumed a pale yellow colour after the oxidation reaction. At the end of the
reaction, the system was flushed with CH2Cl2 for 2 hours at room temperature with a flow
rate of 0.1 mL/min. The obtained monolith M3 was used directly in the following step.
IR (neat): ν /cm−1 = 2919 (w), 2231 (w), 2162 (w), 2023 (w), 2012 (w), 1955 (w), 1642
(m), 1576 (m), 1545 (m), 1511 (m), 1486 (w), 1441 (m), 1382 (m), 1325 (m), 1218 (m),
1168 (m), 1127 (s), 1038 (s), 1020 (m), 961 (w), 881 (w), 829 (m), 787 (m), 710 (s). Dry
weight: 1.63 g. Microanalysis: found C 67.32%, H 5.47%, N 8.27%.
4-Amino-2-morpholin-4-ylpyrimidine-5-carbonitrile (18)288
4
N
2
N
6
N
O
2'
3'
N
H2N
Monolith M3 was washed for 30 minutes with dioxane pumped at 0.5 mL/min. A solution
of morpholine (30 mmol, 6 equiv.) and (i−Pr)2NEt (5.21 mL, 30 mmol, 6 equiv.) in
dioxane (20 mL) was infused with 5 mL of amine solution, pumping at 0.1 mL/min. After
50 minutes, the pump was stopped and monolith was heated at a temperature of 80 ◦C.
After 2 hours, the reaction solution was flushed off with a new portion of the reaction
solution (flow rate 0.1 mL/min) and the output collected in a flask. The flushing operation
was repeated four times to afford 20 mL of reaction solution. After the last loading process,
the monolith was washed with EtOH at 0.2 mL/min for 30 minutes. The combined output
was concentrated under vacuum, and the resulting solid suspended in CH2Cl2 (50 mL)
and washed with water (3×50 mL). The organic phase was dried (MgSO4) and the
solvent removed under reduced pressure. The crude material was purified by flash column
chromatography (eluent: CH2Cl2 / MeOH from 10 : 0 to 9.8 : 0.2 over 40 CV) to afford the
title compound (297 mg, 1.45 mmol, 35 % over 3 steps) as a white solid, m.p. 227 – 229 ◦C
(dichloromethane / methanol) [lit: 229 – 231 ◦C (ethanol)289].
1H NMR (500 MHz, DMSO-d6): δ /ppm = 8.26 (s, 1 H, H-6), 7.28 (br. s, 2 H, NH2), 3.70
(t, J = 4.8 Hz, 4 H, H-3′), 3.59 (t, J = 4.8 Hz, 4 H, H-2′). 13C NMR (126 MHz, DMSO-d6):
δ /ppm = 162.87 (C-4), 162.03 (CH, C-6), 160.79 (C-2), 117.29 (CN), 78.66 (C-5), 65.99
(CH2, C-2
′), 43.76 (CH2, C-3′). IR (neat): ν /cm−1 = 3418 (w), 3335 (m), 3231 (m), 2960
(w), 2906 (w), 2852 (w), 2222 (m), 1643 (s), 1590 (s), 1540 (s), 1516 (s), 1477 (s), 1443
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(s), 1349 (s), 1311 (m), 1275 (s), 1251 (s), 1223 (m), 1193 (m), 1117 (m), 1103 (s), 1066
(m), 1036 (m), 970 (s), 918 (m), 905 (s), 851 (m), 838 (m), 793 (m), 784 (s), 756 (m), 732
(w), 698 (w). HRMS: m/z calc. for [C9H12N5O]
+ ([M + H]+) 206.1042, found 206.1051,
∆ = 4.4 ppm.
General Procedure A for the preparation of enaminones 21
A mixture of the ketone (50 mmol) and 1,1-dimethoxy-N,N-dimethylmethanamine (7.30 mL,
1.1 equiv.) was heated at 100 ◦C for 12 hours. The reaction mixture was concentrated
under vacuum and crystallized from diethyl ether. The crystals were collected by filtration,
washed with diethyl ether (2×20 mL) and dried under high vacuum to give crystalline
solid.
(E)-3-(Dimethylamino)-1-(pyridin-4-yl)prop-2-en-1-one (21a)290,291
2'
N
3'
2
O
3
N
Prepared according to General Procedure A, to give the title compound (7.2 g, 41 mmol,
82 %) as yellow crystals, m.p. 115 – 116 ◦C (diethyl ether) [lit: 115 – 117 ◦C (ethyl acetate
/ hexane)291].
1H NMR (400 MHz, CDCl3): δ /ppm = 8.65 (dd, J = 4.4 Hz and 1.7 Hz, 2 H, H-2′), 7.78
(d, J = 12.3 Hz, 1 H, H-3), 7.63 (dd, J = 4.4 Hz and 1.7 Hz, 2 H, H-3′), 5.60 (d, J = 12.3 Hz,
1 H, H-2), 3.13 (s, 3 H, Me), 2.90 (s, 3 H, Me). 13C NMR (100 MHz, CDCl3): δ /ppm =
186.56 (C-1), 155.21 (CH, C-3), 150.21 (CH, C-2′), 147.25 (C-4′), 121.22 (CH, C-3′),
91.75 (CH, C-2), 45.32 (CH3), 37.45 (CH3). IR (neat): ν /cm−1 = 3032 (w), 1637 (m),
1594 (w), 1562 (m), 1523 (m), 1485 (w), 1432 (m), 1408 (m), 1367 (m), 1320 (w), 1274
(m), 1247 (m), 1130 (m), 1070 (m), 1058 (m), 1013 (m), 992 (m), 904 (m), 848 (m), 774
(s), 698 (s), 660 (s). HRMS: m/z calc. for [C10H13N2O]
+ ([M + H]+) 177.1028, found
177.1032, ∆ = 2.3 ppm. Microanalysis: calc. (found) for C10H12N2O C 68.16% (68.03%),
H 6.86% (6.88%), N 15.90% (15.79%).
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(E)-3-(Dimethylamino)-1-(pyridin-3-yl)prop-2-en-1-one (21b)291
5'
6' N 2'
4'
2
O
3
N
Prepared according to General Procedure A, to give the title compound (6.6 g, 37 mmol,
75 %) as orange crystals, m.p. 78 – 79 ◦C (diethyl ether) [lit: 71 – 73 ◦C (ethyl acetate /
hexane)291].
1H NMR (400 MHz, CDCl3): δ /ppm = 9.03 (d, J = 2.2 Hz, 1 H, H-2′), 8.61 (dd, J = 4.8 Hz
and 1.8 Hz, 1 H, H-6′), 8.13 (dt, J = 7.9 Hz and 2.0 Hz, 1 H, H-4′), 7.78 (d, J = 12.3 Hz,
1 H, H-3), 7.30 (dd, J = 7.9 Hz and 4.8 Hz, 1 H, H-5′), 5.63 (d, J = 12.3 Hz, 1 H, H-2), 3.12
(s, 3 H, Me), 2.89 (s, 3 H, Me). 13C NMR (100 MHz, CDCl3): δ /ppm = 186.35 (C-1),
154.68 (CH, C-3), 151.47 (CH, C-2′), 148.93 (CH, C-6′), 135.67 (C-3′), 135.05 (CH, C-4′),
123.29 (CH, C-5′), 91.86 (CH, C-2), 45.27 (CH3), 37.43 (CH3). IR (neat): ν /cm−1 = 3372
(w), 3054 (w), 2918 (w), 2805 (w), 1637 (s), 1575 (s), 1533 (s), 1439 (m), 1411 (s), 1364
(s), 1328 (s), 1275 (s), 1249 (s), 1186 (m), 1125 (m), 1107 (m), 1065 (s), 1035 (m), 1023
(s), 1001 (m), 965 (m), 902 (s), 813 (m), 771 (s), 723 (s), 701 (s), 684 (s). HRMS: m/z calc.
for [C10H13N2O]
+ ([M + H]+) 177.1028, found 177.1028, ∆ = 0 ppm. Microanalysis: calc.
(found) for C10H12N2O C 68.16% (67.75%), H 6.86% (6.83%), N 15.90% (15.67%).
(E)-3-(Dimethylamino)-1-phenylprop-2-en-1-one (21c)291
3'
4'
2'
2
O
3
N
Prepared according to General Procedure A, to give the title compound (6.9 g, 39 mmol,
79 %) as yellow crystals, m.p. 90 – 91 ◦C (diethyl ether) [lit: 89 – 92 ◦C (diethyl ether)292].
1H NMR (400 MHz, CDCl3): δ /ppm = 7.91 – 7.83 (m, 2 H, H-2′), 7.76 (d, J = 12.3 Hz,
1 H, H-3), 7.46 – 7.32 (m, 3 H, H-4′ and H-3′), 5.68 (d, J = 12.3 Hz, 1 H, H-2), 3.06 (s, 3 H,
Me), 2.87 (s, 3 H, Me). 13C NMR (100 MHz, CDCl3): δ /ppm = 188.56 (C-1), 154.22 (CH,
C-3), 140.54 (C-1′), 130.84 (CH, C-4′), 128.10 (CH, C-2′), 127.46 (CH, C-3′), 92.18 (CH,
C-2), 44.98 (CH3), 37.20 (CH3). IR (neat): ν /cm−1 = 3024 (w), 2910 (w), 2808 (w), 1634
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(m), 1596 (w), 1582 (m), 1537 (s), 1483 (m), 1446 (w), 1429 (m), 1410 (m), 1363 (m),
1310 (m), 1273 (s), 1232 (m), 1205 (m), 1122 (m), 1079 (w), 1052 (s), 1025 (m), 1014 (m),
1000 (m), 925 (w), 899 (m), 807 (w), 754 (m), 739 (s), 696 (s), 659 (s). HRMS: m/z calc.
for [C11H14NO]
+ ([M + H]+) 176.1075, found 176.1067, ∆ = −4.5 ppm. Microanalysis:
calc. (found) for C11H13NO C 75.40% (75.33%), H 7.48% (7.49%), N 7.99% (7.98%).
(E)-3-(Dimethylamino)-1-(4-(trifluoromethyl)phenyl)prop-2-en-1-one
(21d)291
3'
2'
2
O
3
N
F3C
Prepared according to General Procedure A, to give the title compound (8.6 g, 35 mmol,
71 %) as yellow crystals, m.p. 96 – 97 ◦C (diethyl ether) [lit: 99 – 100 ◦C (ethyl acetate /
hexane)291].
1H NMR (400 MHz, CDCl3): δ /ppm = 7.95 (d, J = 8.0 Hz, 2 H, H-2′), 7.80 (d, J = 12.3 Hz,
1 H, H-3), 7.63 (d, J = 8.0 Hz, 2 H, H-3′), 5.65 (d, J = 12.3 Hz, 1 H, H-2), 3.13 (s, 3 H, Me),
2.90 (s, 3 H, Me). 13C NMR (100 MHz, CDCl3): δ /ppm = 187.02 (C-1), 154.80 (CH,
C-3), 143.69 (q, 5JC−F = 1.1 Hz, C-2′), 132.17 (q, 2JC−F = 32.3 Hz, C-4′), 127.70 (CH,
C-1′), 125.06 (q, 3JC−F = 3.8 Hz, CH, C-3′), 123.97 (q, 1JC−F = 273.3 Hz, CF3), 91.91
(CH, C-2), 45.12 (CH3), 37.29 (CH3). IR (neat): ν /cm−1 = 1638 (m), 1586 (m), 1547 (s),
1489 (w), 1427 (m), 1365 (w), 1319 (m), 1279 (m), 1237 (m), 1157 (s), 1106 (s), 1063
(s), 1011 (m), 982 (m), 960 (m), 902 (m), 856 (s), 843 (m), 819 (w), 777 (s), 764 (m),
750 (m), 695 (s), 680 (m). HRMS: m/z calc. for [C12H13NO
19F3]
+ ([M + H]+) 244.0949,
found 244.0956, ∆ = 2.9 ppm. Microanalysis: calc. (found) for C12H13NOF3 C 59.26%
(59.39%), H 4.97% (4.98%), N 5.76% (5.74%).
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General Procedure B for the preparation of monolith M4
N S
N
N
N S
N
N
N S
N
M4a M4b M4c
N S
N
CF3
N S
N
S
N S
N
OMe
M4d M4e M4f
Solutions (20 mL each) of enaminone (15 mmol, 3 equiv.) and (i−Pr)2NEt (5.21 mL,
30 mmol, 6 equiv.) in EtOH were each pumped at 0.1 mL/min, to combine in a tee mixer
( 0.5 mm, PEEK). The resulting reaction stream passed into the monolith M1, which was
maintained at 80 ◦C. The system was pressurised using a 100 psi back-pressure regulator
placed in-line after the monolith. During the loading process, the monolith gradually
assumed a pale yellow colour. After loading, the system was flushed for 1 hour with EtOH
at 0.2 mL/min, whilst maintaining the temperature at 80 ◦C. The obtained monoliths M4
were used directly in the following step.
For monolith M4a: IR (neat): ν /cm−1 = 3663 (m), 2988 – 2901 (s), 1406 – 1382 (s),
1250 – 1230 (s), 1066 (s), 892 – 879 (m). 13C NMR (100 MHz, solid state): δ /ppm =
144.22, 127.70, 39.82. Dry weight: 1.6 g. Microanalysis: found C 78.90%, H 6.2%, N
8.49%, Cl 0%.
Experimental 181
General Procedure C for the preparation of monolith M5
N S
N
N
O O
N S
N
N
O O
N S
N
O O
M5a M5b M5c
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N
CF3
O O
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N
S
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N
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O O
M5d M5e M5f
The monolith was washed for 30 minutes with CH2Cl2 pumped at 0.5 mL/min. A solution
of m-CPBA (15 mmol, 3 equiv.) in CH2Cl2 (20 mL) was pumped, from a reservoir stored
at 0 ◦C using an ice-water bath, at 0.1 mL/min through the monolith M4, which was
maintained at room temperature. The monolith retained its pale yellow colour after the
oxidation reaction. At the end of the reaction, the system was flushed with CH2Cl2 for 2
hours at room temperature with a flow rate of 0.1 mL/min. The obtained monoliths M5
were used directly in the following step.
The enaminone starting materials could be recovered by removing the solvent from the
collected waste stream, partitioning the concentrated mixture between ethyl acetate and
water, and then collecting and drying the organic phase.
For monolith M5a: IR (neat): ν /cm−1 = 3663 (m), 2988 – 2901 (s), 1715 (w), 1406 –
1381 (s), 1250 – 1229 (s), 1066 (s), 892 (m). Dry weight: 1.6 g. Microanalysis: found C
75.20%, H 5.7%, N 8.2%, Cl 0%.
182 Experimental
General Procedure D for the preparation of 2-amino pyrimidines
(38)
The monolith was washed for 30 minutes with dioxane pumped at 0.5 mL/min. A solution
of amine (30 mmol, 6 equiv.) and (i−Pr)2NEt (5.21 mmol, 30 mmol, 6 equiv.) in dioxane
(20 mL) was prepared. The monolith M5 was infused with 5 mL of amine solution, pumping
at 0.1 mL/min. After 50 minutes, the pump was stopped and monolith was heated at a
temperature of 90 ◦C (except for Entry 4: 120 ◦C). After 2 hours, the reaction solution
was flushed off with a new portion of the reaction solution (flow rate 0.1 mL/min) and the
output collected in a flask. The flushing operation was repeated four times to afford 20 mL
of reaction solution. After the last loading process, the monolith was washed with EtOH
at 0.2 mL/min for 30 minutes. The combined output was concentrated under vacuum, and
the resulting oil was suspended in CH2Cl2 (50 mL) and washed with water (3×50 mL).
The organic phase was dried (MgSO4) and the solvent removed under reduced pressure.
The crude material was purified by flash column chromatography to afford the desired
pyrimidine compound.
4-(4-(Pyridin-4-yl)pyrimidin-2-yl)morpholine (38a)
N
1 N
3
2
N
1'
2'
O
6
N
7
Prepared from M5a and morpholine using General Procedure D. Purification by flash
column chromatography (eluent: CH2Cl2 / MeOH from 10 : 0 to 9.8 : 0.2 over 40 CV)
afforded the title compound (726 mg, 3 mmol, 73 % over 3 steps) as a pale yellow solid.
1H NMR (500 MHz, CDCl3): δ /ppm = 8.74 (dd, J = 5.0 Hz and 1.6 Hz, 2 H, H-7), 8.46
(d, J = 5.0 Hz, 1 H, H-2), 7.90 (dd, J = 5.0 Hz and 1.6 Hz, 2 H, H-6), 7.00 (d, J = 5.0 Hz,
1 H, H-3), 3.91 – 3.89 (m, 4 H, H-2′), 3.81 – 3.79 (m, 4 H, H-1′). 13C NMR (126 MHz,
CDCl3): δ /ppm = 161.99 (C-1 or C-4), 161.81 (C-1 or C-4), 159.13 (CH, C-2), 150.27
(CH, C-7), 145.07 (C-5), 121.01 (CH, C-6), 106.18 (CH, C-3), 66.84 (CH3, C-2
′), 44.22
(CH3, C-1
′). IR (neat): ν /cm−1 = 2538 (w, br.), 2159 (s), 2031 (s), 1977 (s), 1583 (s), 1561
– 1543 (s, br.), 1487 (s), 1340 (s), 1248 (s), 985 – 962 (s), 800 (s). HRMS: m/z calc. for
[C13H15O1N4]
+ ([M + H]+) 243.1240, found 243.1232, ∆ = −3.5 ppm.
Experimental 183
N-(4-Methoxybenzyl)-4-(pyridin-4-yl)pyrimidin-2-amine (38b)
N
1 N
3
2
N
H
1'3'
4'
MeO N
7
6
Prepared from M5a and (4-methoxyphenyl)methanamine using General Procedure D.
Purification by flash column chromatography (eluent: CH2Cl2 / MeOH from 10 : 0 to
9.7 : 0.3 over 40 CV) afforded the title compound (320 mg, 1.2 mmol, 29 % over 3 steps) as
a pale yellow solid.
1H NMR (500 MHz, CDCl3): δ /ppm = 8.77 (d, J = 5.5 Hz, 2 H, H-7), 8.46 (d, J = 5.1 Hz,
1 H, H-2), 7.92 (d, J = 5.5 Hz, 2 H, H-6), 7.35 (d, J = 8.4 Hz, 2 H, H-4′), 7.07 (d, J = 5.1 Hz,
1 H, H-3), 6.92 (d, J = 8.4 Hz, 2 H, H-3′), 5.61 (br. s, 1 H, NH), 4.69 (d, J = 5.5 Hz, 2 H,
H-1′), 3.83 (s, 3 H, H-6′). 13C NMR (126 MHz, CDCl3): δ /ppm = 162.61 (C-1 or C-4),
162.46 (C-1 or C-4), 159.43 (CH, C-2), 159.09 (C-5′), 150.46 (CH, C-7), 145.04 (C-5),
131.15 (C-2′), 129.04 (CH, C-3′), 121.18 (CH, C-6), 114.18 (CH, C-4′), 107.04 (CH, C-3),
55.46 (CH3, C-6
′), 45.23 (CH2, C-1′). IR (neat): ν /cm−1 = 2161 (w, br), 1977 (w, br),
1570 (s), 1548 (s), 1510 (s), 1454 (s), 1346 (s), 1230 (s), 1175 (s), 1030 (s), 795 (s). HRMS:
m/z calc. for [C17H17O1N4]
+ ([M + H]+) 293.1402, found 293.1410, ∆ = 2.7 ppm.
N-Cyclohexyl-4-(pyridin-4-yl)pyrimidin-2-amine (38c)
N
1 N
3
2
N
H
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N
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6
Prepared from M5a and (4-methoxyphenyl)methanamine using General Procedure D.
Purification by flash column chromatography (eluent: CH2Cl2 / MeOH from 10 : 0 to
9.8 : 0.2 over 40 CV) afforded the title compound (533 mg, 2.1 mmol, 51 % over 3 steps) as
a white solid.
1H NMR (400 MHz, CDCl3): δ /ppm = 8.74 (d, J = 4.5 Hz, 2 H, H-7), 8.40 (d, J = 5.1 Hz,
1 H, H-2), 7.86 (d, J = 4.5 Hz, 2 H, H-6), 6.96 (d, J = 5.1 Hz, 1 H, H-3), 5.18 (d, J = 8.0 Hz,
1 H, H-1′), 2.13 – 1.22 (m, 11 H, NH and cyclohexyl). 13C NMR (100 MHz, CDCl3):
184 Experimental
δ /ppm = 162.09 (C-1 or C-4), 159.31 (CH, C-2), 150.48 (CH, C-7), 144.87 (C-5), 120.90
(CH, C-6), 106.25 (CH, C-3), 49.80 (CH, C-1′), 33.13 (CH2, C-2′), 25.74 (CH2, C-4′),
24.86 (CH2, C-3
′), (C-1 or C-4 was not visible). IR (neat): ν /cm−1 = 2921 (w, br), 2852
(s), 1581 (s), 1548 (s), 1583 (s), 1528 (s), 1421 (s), 1368 (s), 796 (s). HRMS: m/z calc. for
[C15H19N4]
+ ([M + H]+) 255.1610, found 255.1611, ∆ = 0.4 ppm.
4-(4-(Pyridin-3-yl)pyrimidin-2-yl)morpholine (38d)
N
1 N
3
2
N
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Prepared from M5b and morpholine using General Procedure D. Purification by flash
column chromatography (eluent: CH2Cl2 / MeOH from 10 : 0 to 9.7 : 0.3 over 40 CV)
afforded the title compound (713 mg, 2.9 mmol, 70 % over 3 steps) as a white solid.
1H NMR (500 MHz, CDCl3): δ /ppm = 9.24 (d, J = 2.3 Hz, 1 H, H-6), 8.69 (dd, J = 4.8 Hz
and 1.7 Hz, 1 H, H-8), 8.42 (d, J = 5.1 Hz, 1 H, H-2), 8.33 (ddd, J = 8.0 Hz and 2.3 Hz
and 1.7 Hz, 1 H, H-10), 7.45 – 7.38 (m, 1 H, H-9), 6.98 (d, J = 5.1 Hz, 1 H, H-3), 3.90 (dd,
J = 5.7 Hz and 4.0 Hz, 4 H, H-2′), 3.80 (dd, J = 5.7 Hz and 4.0 Hz, 4 H, H-1′). 13C NMR
(126 MHz, CDCl3): δ /ppm = 161.90 (C-1 or C-4), 161.86 (C-1 or C-4), 158.76 (CH, C-2),
150.95 (CH, C-6), 148.26 (CH, C-8), 134.58 (CH, C-10), 133.24 (C-5), 123.59 (CH, C-9),
105.90 (CH, C-3), 66.85 (CH2, C-2
′), 44.24 (CH2, C-1′). IR (neat): ν /cm−1 = 2868 (w, br),
1586, (s), 1565-1556 (s), 1444-1412 (s), 1346 (s), 1253 (s), 1110 (s), 984 (s), 962 (s), 790
(s), 800 (s). HRMS: m/z calc. for [C13H15O1N4]
+ ([M + H]+) 243.1246, found 243.1252,
∆ = 2.5 ppm.
Experimental 185
N-(2-Methyl-5-nitrophenyl)-4-(pyridin-3-yl)pyrimidin-2-amine
(24)293,294
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Prepared from M5b and 2-methyl-5-nitroaniline using General Procedure D. Purification by
flash column chromatography (eluent: CH2Cl2 / MeOH from 10 : 0 to 9.7 : 0.3 over 40 CV)
afforded the title compound (619 mg, 2.01 mmol, 49 % over 3 steps) as a pale yellow solid.
1H NMR (400 MHz, DMSO-d6): δ /ppm = 9.31 (s, 1 H, H-6), 9.18 (s, 1 H, NH), 8.81
(s, 1 H, H-2′), 8.70 (d, J = 4.7 Hz, 1 H, H-8), 8.61 (d, J = 5.2 Hz, 1 H, H-2), 8.46 (d, J =
8.2 Hz, 1 H, H-10), 7.87 (dd, J = 8.2 Hz and 2.5 Hz, 1 H, H-4′), 7.59 – 7.45 (m, 3 H, H-3,
H-9 and H-5′), 2.42 (s, 3 H, H-7′). 13C NMR (100 MHz, DMSO-d6): δ /ppm = 161.56
(C-1), 160.25 (C-4), 159.60 (CH, C-2), 151.57 (CH, C-6), 148.13 (CH, C-8), 145.80 (C-3′),
138.85 (C-6′), 138.54 (C-1′), 134.24 (CH, C-10), 131.84 (C-5), 131.15 (CH, C-5′), 123.80
(CH, C-9), 117.82 (CH, C-4′), 117.33 (CH, C-2′), 108.85 (CH, C-3), 18.33 (CH3, C-7′). IR
(neat): ν /cm−1 = 3250 (w), 3099 (w), 3066 (w), 1602 (w), 1580 (m), 1557 (m), 1531 (s),
1515 (s), 1477 (m), 1456 (m), 1440 (m), 1420 (m), 1406 (s), 1345 (s), 1305 (m), 1284 (m),
1270 (m), 1248 (w), 1208 (w), 1196 (w), 1136 (w), 1108 (w), 1085 (w), 1027 (m), 991 (w),
961 (w), 930 (w), 882 (w), 830 (w), 817 (w), 810 (w), 791 (s), 754 (w), 736 (m), 698 (m),
686 (m). HRMS: m/z calc. for [C16H14N5O2]
+ ([M + H]+) 308.1148, found 308.1145, ∆ =
−1.0 ppm.
4-(4-Phenylpyrimidin-2-yl)morpholine (38e)
N
1 N
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2
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Prepared from M5c and morpholine using General Procedure D. Purification by flash
column chromatography (eluent: CH2Cl2 / MeOH from 10 : 0 to 9.8 : 0.2 over 40 CV)
afforded the title compound (482 mg, 2.0 mmol, 48 % over 3 steps) as a pale yellow solid.
186 Experimental
1H NMR (500 MHz, CDCl3): δ /ppm = 8.38 (d, J = 5.1 Hz, 1 H, H-2), 8.05–8.01 (m, 2 H,
H-6), 7.48–7.45 (m, 3 H, H-7 and H-8), 6.97 (d, J = 5.1 Hz, 1 H, H-3), 3.92–3.88 (m, 4 H,
H-2′), 3.82–3.78 (m, 4 H, H-1′). 13C NMR (126 MHz, CDCl3): δ /ppm = 164.34 (C-1),
161.98 (C-4), 158.30 (CH, C-2), 137.53 (C-5), 130.52 (CH, C-8), 128.66 (CH, C-7), 126.98
(CH, C-6), 106.11 (CH, C-3), 66.92 (CH2, C-2
′), 44.28 (CH2, C-1′). IR (neat): ν /cm−1 =
2969 (w, br.), 2850 (s), 1588 (s), 1564 (s), 1547 (s), 1475 (s), 1441-1426 (m, br), 1340
(s), 1248 (s), 982 (s), 787 (s), 694 (s). HRMS: m/z calc. for [C14H16N3O]
+ ([M + H]+)
242.1293, found 242.1294, ∆ = 0.4 ppm.
4-(4-(4-(Trifluoromethyl)phenyl)pyrimidin-2-yl)morpholine (38f)
N
1 N
3
2
N
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Prepared from M5d and morpholine using General Procedure D. Purification by flash
column chromatography (eluent: CH2Cl2 / MeOH from 10 : 0 to 9.9 : 0.1 over 40 CV)
afforded the title compound (803 mg, 2.6 mmol, 63 % over 3 steps) as a pale yellow solid.
1H NMR (500 MHz, CDCl3): δ /ppm = 8.43 (d, J = 5.1 Hz, 1 H, H-2), 8.13 (d, J = 8.1 Hz,
2 H, H-7), 7.71 (d, J = 8.1 Hz, 2 H, H-6), 6.98 (d, J = 5.1 Hz, 1 H, H-3), 3.93 – 3.89 (m, 4 H,
H-2′), 3.85 – 3.79 (m, 4 H, H-1′). 13C NMR (126 MHz, CDCl3): δ /ppm = 163.04 (C-1),
162.12 (C-4), 158.94 (CH, C-2), 141.14 (C-6), 127.48 (C-5), 125.77 (q, 3JC−F = 3.8 Hz,
CH, C-7), 124.12 (q, 1JC−F = 272.6 Hz, C-9), 106.42 (CH, C-3), 67.03 (CH2, C-2′), 44.42
(CH2, C-1
′), (C-8 was not visible). IR (neat): ν /cm−1 = 2960 (w, br.), 2861 (s), 1592 (s),
1556 (s), 1490 (s), 1440 (s), 1325 (s), 1252 (s), 1164 (s), 1100 (s), 1068 (s), 983 (s), 852
(s), 800 (s). HRMS: m/z calc. for [C15H15N3OF3]
+ ([M + H]+) 310.1167, found 310.1166,
∆ = −0.3 ppm.
Experimental 187
6-Methyl-N1-(4-(pyridin-3-yl)pyrimidin-2-yl)benzene-1,3-diamine
(25)293
10
9
8
N
6
N
1
N2
3
H
N
2' 4'
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NH2
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A solution of compound 24 (105 mg, 0.34 mmol) in CH2Cl2 (15 mL, approx. 0.02 mM)
was prepared. A H-Cube hydrogenation reactor equipped with a 5 % Pd/C cartridge was
prepared as follows: The reactor and column were washed with CH2Cl2 at 1 mL/min for 5
minutes. For the reaction, the system pressure regulator was set to 20 bar and the hydrogen
pressure to 35 bar in “controlled” mode. The column temperature was set to 40 ◦C, and
the solution of 24 infused at 0.5 mL/min. The product was cycled through the reactor once
more, and then the collected material concentrated under reduced pressure to afford the
title compound (69 mg, 73 %) as a yellow oil.
1H NMR (400 MHz, CDCl3): δ /ppm = 9.26 (d, J = 2.2 Hz, 1 H, H-6), 8.71 (dd, J = 4.8 Hz
and 1.7 Hz, 1 H, H-8), 8.48 (d, J = 5.1 Hz, 1 H, H-2), 8.33 (dt, J = 8.0 Hz and 2.2 Hz, 1 H,
H-10), 7.59 (d, J = 2.4 Hz, 1 H, H-2′), 7.41 (dd, J = 8.0 Hz and 4.8 Hz, 1 H, H-9), 7.13
(d, J = 5.1 Hz, 1 H, H-3), 6.94 – 7.03 (m, 2 H, NH and H-5′), 6.41 (dd, J = 8.0 Hz and
2.4 Hz, 1 H, H-4′), 3.65 (br. s, 2 H, NH2), 2.24 (s, 3 H, H-7
′). 13C NMR (100 MHz, CDCl3):
δ /ppm = 162.53 (C-1), 160.70 (C-4), 158.99 (CH, C-2), 151.40 (CH, C-6), 148.54 (CH,
C-8), 145.12 (C-3′), 137.90 (C-1′), 134.43 (CH, C-10), 132.75 (C-5), 131.03 (CH, C-5′),
123.60 (CH, C-9), 118.16 (C-6′), 110.66 (CH, C-2′ or C-4′), 108.47 (CH, C-2′ or C-4′),
108.02 (CH, C-3), 17.21 (CH3, C-7
′). HRMS: m/z calc. for [C16H16N5]
+ ([M + H]+)
278.1406, found 278.1404, ∆ = −0.7 ppm.
188 Experimental
4-(Chloromethyl)-N-(4-methyl-3-((4-(pyridin-3-yl)pyrimidin-2-yl)
amino)phenyl)benzamide (27)295
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Compound 25 (69 mg, 0.25 mmol) was suspended in distilled THF (4 mL). Triethylamine
(0.07 mL, 1.15 equiv.) was added, and the mixture cooled to 0 ◦C and stirred for 10 minutes.
A solution of 4-(chloromethyl)benzoyl chloride (54 mg) in distilled THF (2 mL) was added
dropwise over 3 minutes. During the addition a darkening in colour of the solution was
observed. The mixture was stirred at 0 ◦C for 3 hours. After this time, LC-MS analysis
indicated complete conversion. Water (5 mL) was added dropwise over 5 minutes, and the
mixture allowed to warm to room temperature and then stirred for 18 hours, during which
time a yellow precipitate formed. Filtration afforded the title compound (61 mg, 57 %) as a
yellow crystalline solid.
1H NMR (500 MHz, DMSO-d6): δ /ppm = 10.22 (br. s, 1 H, NHamide), 9.26 (d, J = 2.1 Hz,
1 H, H-6), 8.97 (br. s, 1 H, NH), 8.67 (dd, J = 4.8 Hz and 1.7 Hz, 1 H, H-8), 8.50 (dd, J =
5.2 Hz and 1.7 Hz, 1 H, H-2), 8.47 (dq, J = 8.0 Hz and 2.2 Hz, 1 H, H-10), 8.08 (dt, J =
10.1 Hz and 2.9 Hz, 1 H, H-2′), 7.94 (d, J = 8.3 Hz, 2 H, H-10′), 7.57 (d, J = 8.3 Hz, 2 H,
H-11′), 7.51 (dd, J = 8.0 Hz and 4.8 Hz, 1 H, H-9), 7.43 – 7.50 (m, 1 H, H-4′), 7.42 (dd,
J = 5.2 Hz and 2.1 Hz, 1 H, H-3), 7.20 (d, J = 8.3 Hz, 1 H, H-5′), 4.83 (s, 2 H, H-13′), 2.21
(s, 3 H, H-7′). 13C NMR (126 MHz, DMSO-d6): δ /ppm = 164.89 (C-8′), 161.64 (C-4),
161.22 (C-1), 159.55 (CH, C-2), 151.42 (CH, C-8), 148.23 (CH, C-6), 141.00 (C-12′),
137.88 (C-6′), 137.04 (C-1′), 134.95 (C-9′), 134.54 (CH, C-10), 132.28 (C-5), 130.13 (CH,
C-5′), 128.84 (CH, C-10′), 128.07 (CH, C-11′), 123.88 (CH, C-9), 117.14 (CH, C-2′),
116.67 (CH, C-4′), 107.63 (CH, C-3), 45.52 (CH2, C-13′), 17.75 (CH3, C-7′). LC-MS: tR =
4.80 min, m/z 430.18 ([M + H]+). HRMS: m/z calc. for [C24H21N5O35Cl]
+ ([M + H]+)
430.1429, found 430.1415, ∆ = −3.2 ppm.
Experimental 189
N-(4-Methyl-3-((4-(pyridin-3-yl)pyrimidin-2-yl)amino)phenyl)-4-((4-
methylpiperazin-1-yl)methyl)benzamide (Imatinib, 1)33
10
9
8
N
6
N
1
N2
3
H
N
2' 4'
5'
HN 8'
O
10'
11'
13'
N 14'
15'N
16'
7'
Compound 27 (11.5 mg, 27 µmol), N-methylpiperazine (0.05 mL) and acetonitrile (2 mL)
were combined and heated in a sealed vial under microwave irradiation at 150 ◦C for 2 hours.
The solvent was removed and the resulting solid purified by flash column chromatography
to afford the title compound (7 mg, 53 %) as a yellow solid.
1H NMR (400 MHz, DMSO-d6): δ /ppm = 10.17 (s, 1 H, NHamide), 9.27 (d, J = 2.1 Hz,
1 H, H-6), 8.98 (s, 1 H, NH), 8.68 (dd, J = 4.8 Hz and 1.7 Hz, 1 H, H-8), 8.51 (d, J = 5.1 Hz,
1 H, H-2), 8.48 (dt, J = 7.9 Hz and 2.0 Hz, 1 H, H-10), 8.08 (d, J = 2.2 Hz, 1 H, H-2′), 7.90
(d, J = 8.2 Hz, 2 H, H-10′), 7.52 (dd, J = 7.9 Hz and 4.7 Hz, 1 H, H-9), 7.48 (dd, J = 8.2 Hz
and 2.2 Hz, 1 H, H-4′), 7.41 – 7.46 (m, 3 H, H-3 and H-11′), 7.20 (d, J = 8.5 Hz, 1 H, H-5′),
3.52 (s, 2 H, H-13′), 2.34 (m, 8 H, H-14′ and H-15′), 2.22 (s, 3 H, H-7′), 2.14 (s, 3 H, H-16′).
13C NMR (100 MHz, DMSO-d6): δ /ppm = 165.23, 161.57, 161.15, 159.46 (CH), 151.37
(CH), 148.18 (CH), 142.09, 137.76, 137.18, 134.40 (CH), 133.74, 132.19, 130.00 (CH),
128.60 (CH), 127.56 (CH), 123.77 (2 × CH), 117.17 (CH), 116.69 (CH), 107.49 (CH),
61.61 (CH2), 54.70 (CH2), 52.58 (CH2), 45.74 (CH3), 17.66 (CH3). LC-MS: tR = 4.26 min,
m/z 494.48 ([M + H]+). HRMS: m/z calc. for [C29H32N7O]
+ ([M + H]+) 494.2668, found
494.2690, ∆ = −4.5 ppm.
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Piperazine-2-carboxamide synthesis
General Experimental Information
Hydrous zirconia was kindly donated by MEL Chemicals (cod. XZO 631/01).
FlowIR spectrometers from Mettler Toledo, with silicon or diamond windows, were used
for in-line analyses.
The flow hydration reaction was performed using a Vapourtec R2+/R4 flow platform. A
Knauer K-120 HPLC pump was used for the hydrogenation step, in combination with a
ThalesNano H-Cube reactor. Unless otherwise specified, flow tubing is PFA  1 mm with
ETFE connections.
Pyrazine-2-carboxamide (40)296
100 ºC
100 psi
R2
N
N
NH2
O
N
N CN 1´
35
6
FlowIR
A solution of pyrazine-2-carbonitrile (41; 7.4 g, 70 mmol) in EtOH / H2O (0.6 M, 8 : 1 v/v)
was pumped at 0.2 mL/min through column reactor R2 (100 mm × 10 mm, 5 g hydrous
zirconia) heated at 100 ◦C (residence time approximately 20 minutes). Pressure was
provided by a 100 psi back-pressure regulator. Concentration of the reactor output afforded
the title compound (8.5 g, 69 mmol, >98 %) as a colourless solid, m.p. 189.4 – 189.8 ◦C
(ethanol) [lit. 190 ◦C (H2O)
296].
For the control programme, see:
https://gist.github.com/richardingham/0a58a291bad2e3b9009f
1H NMR (400 MHz, DMSO-d6): δ /ppm = 9.18 (d, J = 1.5 Hz, 1 H, H-3), 8.84 (d, J =
2.5 Hz, 1 H, H-6), 8.70 (dd, J = 2.5 Hz and 1.5 Hz, 1 H, H-5), 8.25 (br. s, 1 H, NH), 7.86
(br. s, 1 H, NH). 13C NMR (100 MHz, DMSO-d6): δ /ppm = 165.09 (C-1′), 147.38 (CH,
C-5), 145.08 (C-2), 143.63 (CH, C-6), 143.36 (CH, C-3). IR (neat): ν /cm−1 = 3410 (m),
3148 (m), 1704 (s), 1608 (m), 1579 (m), 1524 (m), 1478 (w), 1436 (m), 1376 (s), 1182 (m),
1164 (m), 1086 (m), 1053 (m), 1022 (s), 869 (m), 785 (s), 669 (s). LC-MS: tR = 0.28 min,
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m/z 124.19 ([M + H]+). HRMS: m/z calc. for [C5H6ON3]
+ ([M + H]+) 124.0505, found
124.0504, ∆ = −0.8 ppm. Microanalysis: calc. (found) for C5H5ON3 C 48.78% (48.69%),
H 4.09% (4.19%), N 34.13% (33.70%).
(R,S)-Piperazine-2-carboxamide (39)297
FlowIRH-Cube
100 psi 75 psi
N
N
NH2
O
N
H
N
H
NH2
O
1´
2
35
6
A solution of pyrazine-2-carboxamide (40; 0.62 mg, 5.0 mmol) in EtOH / H2O (0.6 M, 8 : 1
v/v) was pumped at 0.1 mL/min using a Knauer K-120 HPLC pump (through tubing 
0.5 mm, PTFE then SS) into the H-Cube reactor, which was equipped with a 10 % Pd/C
catalyst cartridge, heated to 100 ◦C. The reactor was held at pressure by a 100 psi and 75 psi
BPR in series (connected to the reactor by tubing  0.5 mm, PTFE). Concentration of the
reactor output afforded the title compound (0.61 g, 4.8 mmol, 95 %) as a colourless solid,
m.p. 143 – 145 ◦C (ethanol) [lit. 144 – 145 ◦C (ethanol)297].
1H NMR (400 MHz, MeOH-d4): δ /ppm = 3.35 (dd, J = 9.9 Hz and 3.3 Hz, 1 H, H-2),
3.09 (dd, J = 12.4 Hz and 3.4 Hz, 1 H, H-3cis), 2.96 (dt, J = 12.2 Hz and 2.8 Hz, 1 H, H-6),
2.90 – 2.77 (m, 1 H, H-5), 2.75 (dd, J = 12.4 Hz and 2.6 Hz, 1 H, H-6), 2.73 – 2.61 (m, 2 H,
H-3trans and H-5). 13C NMR (100 MHz, MeOH-d4): δ /ppm = 176.50 (C-1′), 59.61 (CH,
C-2), 49.69 (CH2, C-3), 46.19 (CH2, C-2), 45.64 (CH2, C-1). IR (neat): ν /cm−1 = 3333
(m), 3308 (m), 3194 (w), 2949 (m), 2904 (m), 2832 (m), 1674 (m), 1611 (m), 1488 (w),
1438 (m), 1409 (m), 1368 (w), 1355 (m), 1306 (s), 1245 (m), 1187 (w), 1137 (m), 1117
(s), 1071 (w), 1057 (m), 1003 (w), 960 (w), 909 (m), 823 (s), 723 (m), 666 (s). LC-MS:
tR = 0.26 min, m/z 130.14 ([M + H]+). HRMS: m/z calc. for [C5H12ON3]
+ ([M + H]+)
130.0975, found 130.0979, ∆ = 3.0 ppm. Microanalysis: calc. (found) for C5H11ON3 C
46.50% (46.49%), H 8.58% (8.50%), N 32.53% (32.30%).
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DoE Reduction Experiments
To the reactor setup above was appended a Valco VICI 10-position switching valve, such
that samples could be collected from the different experiments. See Figure 3.12, page 70.
Representative NMR spectra:
2.53.03.54.05.56.06.57.07.58.08.59.0
ppm
 
Experiment 15
 
Experiment 13
 
Experiment 7
For the control programme, see:
https://gist.github.com/richardingham/83401127622036c6afd0
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Telescoped flow synthesis
(See Figure 3.12, page 70).
A solution of pyrazine-2-carbonitrile 41 in EtOH / H2O (0.6 M, 8 : 1 v/v) was passed through
a zirconia column reactor as described above in the experimental section for compound 40.
The intermediate solution was used directly without purification in the second step. This
could be performed either by matching the flow rates of the two steps, or using a reservoir
arrangement as described in Section 3.5.1. The intermediate solution was delivered to the
H-Cube apparatus (flow rate 0.1 mL/min) using a Knauer K-120 pump as described in the
experimental section for compound 39. Over a total of 14 h of operation, 7.3 g of compound
39 was generated in 95 % yield and 99 % purity.
For control programme, see:
https://gist.github.com/richardingham/31f6f8efa47771c2ed02
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2-Aminoadamantane-2-carboxylic acid synthesis
General Experimental Information
THF, toluene and methanol were obtained from Fisher Scientific and distilled before use.
Diethyl ether was obtained from Sigma-Aldrich and distilled before use.
Integrated flow synthesis
Reagent Stream A A solution of 2-adamantanone (7.5 g, 50 mmol) in toluene / diethyl
ether (3 : 2 v/v, 100 mL), stored in an oven-dried 250 mL, one-necked, pear-shapedflask
equipped with a rubber septum and under a N2 atmosphere.
Reagent Stream B A solution of ethynyl magnesium bromide (0.5 M), in a Sigma-
Aldrich SureSeal bottle equipped with an inert gas inlet connected to a nitrogen manifold.
Solvent Stream A THF stored under a nitrogen atmosphere.
Solvent Stream B Toluene / diethyl ether (3 : 2 v/v) stored under a nitrogen atmosphere.
This can be switched to a stream of distilled methanol using valve V2.
Stage 1 Reagent Stream A was delivered at a flow rate of 0.18 mL/min (P2; Uniqsis
FlowSyn) and combined at tee mixer M1 (Uniqsis FlowSyn integrated tee mixer) with
Reagent Stream B delivered at a flow rate of 0.20 mL/min (P1; Uniqsis FlowSyn) and
then heated to 40 ◦C in reactor R1 ( 1 mm, PFA, 14 mL: 37 minutes residence time). A
100 psi back pressure regulator was employed to regulate the pressure of the system. After
exiting the coil the flow stream passed through a FlowIR spectrometer in order to detect
the presence of the Grignard product 51. The detector was linked to valve V4 (Uniqsis
FlowSyn integrated loop-switching valve) by software control (see Section 4.3.5, page 90)
and the output stream was directed to the next stage only when this product was detected.
Pump P5 (Knauer WellChrom K120) delivered Solvent Stream A at 0.5 mL/min through
valve V4 when the reactor output was being discarded.
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Quenching Stream C A saturated solution of NH4Cl combined in a ratio of 3 : 1 (v/v)
with distilled water (250 mL).
Stage 2 The reaction solution was combined with Quenching Stream C, delivered at
a flow rate of 0.5 mL/min, (P3, Knauer Smartline S100) using a tube-in-tube mixer (M2,
see Section 4.3.4); the output was directed into reactor R2 ( 2.4 mm, 600 mm length,
ETFE). A micro vibration motor was attached to R2, reducing the occurrence of blockages
at M2. The biphasic plug flow system formed was delivered to a glass column ( 6.6 mm,
100 mm length, glass) packed with charcoal and glass beads in order to remove magnesium
aggregates by filtration (see Section 4.3.3, page 85). The resulting clear biphasic system
was then delivered to liquid/liquid separating column S1 ( 10 mm, 100 mm length, glass).
The aqueous phase was withdrawn continuously by pump P4 (Knauer Smartline S100) at a
flow rate based on the position of the interface (see Section 4.3.4, page 88). The organic
layer was forced out of the top of the column into the next stage. A pressure differential
created by the two back-pressure regulators prevented undesired siphoning of liquid through
pump P4.
Stage 3 The organic output from S1 was combined at a tee mixer M3 ( 0.5 mm, PEEK)
with a stream of MeCN delivered at 1.2 mL/min by pump P6 (Knauer WellChrom K120).
The mixture was introduced into a nebulising evaporation device at 20 ◦C (see Section 4.4,
page 92) along with a stream of N2 gas (1.4 bar). The remaining solution was withdrawn
from the bottom of the evaporation chamber using a peristaltic pump (P7) at a flow rate of
1 mL/min. The solution was collected in reservoir S2. The volume of material within S2
was measured by a digital camera (see Section 4.5.1, page 94) and this data was used to
control the flow rate of pump P8 (Vapourtec R2+) in order to match the input and output
flow rates.
Stage 4 This solution was pumped at a flow rate of 0.1 to 1.4 mL/min by pump P8 and
combined at mixer M4 ( 0.5 mm, ETFE) with a stream of concentrated sulfuric acid that
was delivered at 0.05 mL/min by pump P9 (Vapourtec R2+ with acid-resistant fittings).
The mixture was passed through reactor R3 ( 1 mm, PFA, 10 mL: minimum 7 minutes
residence time).
Quenching Stream D A 4 M solution of KOH in EtOH / H2O (4 : 1 v/v).
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Stage 5 The output of reactor R3 was combined with Quenching Stream D in a second
tube-in-tube mixer (M5). Quenching Stream D was delivered at 2 mL/min by pump P10
(Vapourtec R2+); the output was directed into reactor R4 ( 2.4 mm, 300 mm length,
ETFE). Another vibrating device was attached to R4, reducing the occurrence of blockages
at M5. The stream exiting this reactor was directed onto the continuous filtration device
(see Section 4.5.3, page 99) that removed the salts formed by the quenching of the acid to
leave a basic ethanolic solution of compound 52 which was collected in reservoir S3.
Stage 6 The solution collected in reservoir S3 was pumped (P13, Vapourtec R2+) to
reactor R5 ( 2.5 mm, stainless steel, 50 mL: minimum 25 minutes residence time) heated
to 120 ◦C. The reactor output was collected and the solvent removed. The residue was
redissolved in ethyl acetate and washed with water, dried (MgSO4), and then the solvent
removed.
Stage 7 A solution of 2-methyl-4-(adamantane-2′-spiro)-5-methylidene oxazoline (53)
in acetone / H2O (5 : 1 v/v, 0.25 M) was delivered at 2 mL/min by pump P14 (Knauer
WellChrom K120) to meet a stream of ozone (0.5 bar, flow rate 500 mL/min) and these
were combined in a Y-mixer ( 0.5 mm, PEEK) and directed into a 1 mL tube reactor
R6 ( 2.5 mm, 180 mm length, PFA, 20 s residence time). The solution was directed to
column R7 ( 10 mm, 100 mm length, glass) from which the gases can escape, containing
amorphous MnO2 (2 g) through which the liquids percolate and the solution was collected.
This solution was pumped at 0.25 mL/min P15 (Vapourtec R2) and combined at a tee
mixer ( 0.5 mm, ETFE) with a stream of HCl / AcOH / H2O (1 : 5 : 8 v/v/v) delivered
at 0.25 mL/min by pump P16 (Vapourtec R2) and directed into reactor R8 ( 1 mm,
10 mL, PFA) heated to 150 ◦C. The output of the reactor was finally directed into a solvent
evaporator device. The solid recovered from the evaporator was washed with hot acetonitrile
(2×50 mL per gram of product) and diethyl ether (2×50 mL per gram of product), before
being recrystallized from MeOH (0 ◦C) to give 2-aminoadamantane-2-carboxylic acid
(135).
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2-Ethynyladamantan-2-ol (51)298,299
HO
Collected as an off-white solid, by concentration of the solution in acetonitrile m.p. 102 ◦C
(acetonitrile) [lit: 100 – 102 ◦C (ether)300].
An analytical sample was recrystallised from ethanol / water.
1H NMR (400 MHz, CDCl3): δ /ppm = 2.56 (s, 1 H), 2.21 – 2.16 (m, 4 H), 1.96 – 1.96 (m,
3 H), 1.82 – 1.77 (m, 4 H), 1.70 (br. s, 2 H), 1.55 – 1.58 (m, 3 H). 13C NMR (100 MHz,
CDCl3): δ /ppm = 88.51, 72.70 (CH), 72.50, 39.31 (CH), 37.60 (CH2), 35.37 (CH2), 31.54
(CH2), 26.40 (CH), 26.23 (CH). IR (neat): ν /cm−1 = 3477 (w), 3363 (w), 3312 (m), 3179
(m), 2928 (m), 2898 (s), 2858 (m), 2091 (w), 1466 (w), 1449 (w), 1407 (w), 1349 (w),
1326 (w), 1309 (w), 1284 (w), 1244 (w), 1194 (w), 1118 (w), 1101 (m), 1061 (s), 1042
(w), 1023 (s), 998 (s), 943 (w), 925 (m), 879 (w), 835 (w), 802 (w), 755 (m), 693 (w).
LC-MS: tR = 4.63 min, m/z 159.00 ([M – H2O]
+). HRMS: m/z calc. for [C12H17O]
+
([M + H]+) 177.2550, found 177.2558, ∆ = 4.5 ppm. Microanalysis: calc. (found) for
C12H16O C 81.77% (81.76%), H 9.15% (9.10%). The structure was confirmed by X-ray
crystallographic analysis, and deposited at Cambridge University with the unique reference
SL1406.
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2-Ethynyl-2-acetamidoadamantane (52)299
NHO
Collected by concentration of the reaction solution, partitioning between ethyl acetate
and water, then drying and concentration of the organic phase. The title compound was
collected as a white solid, m.p. 147 ◦C (ethyl acetate) [lit: 138 – 139 ◦C (ethanol)299].
1H NMR (400 MHz, CDCl3): δ /ppm = 5.41 (br. s, 1 H), 2.46 (s, 1 H), 2.40 (br. s, 2 H),
2.35 (br. s, 1 H), 2.31 (br. s, 1 H), 2.01 (s, 3 H), 1.82 – 1.77 (m, 4 H), 1.70 (br. s, 2 H),
1.55 – 1.58 (m, 3 H). 13C NMR (100 MHz, CDCl3): δ /ppm = 169.12, 86.18, 71.73 (CH),
56.47, 37.64 (CH2), 35.06 (CH), 34.37 (CH2), 32.18 (CH2), 27.24 (CH), 26.76 (CH), 24.23
(CH3). IR (neat): ν /cm−1 = 3287 (m), 2903 (m), 2166 (w), 1645 (s), 1537 (s), 670 (m);
LC-MS: tR = 4.39 min, m/z 218.14 ([M + H]+). HRMS: m/z calc. for [C14H20NO]
+ ([M +
H]+) 218.1545, found 218.1548, ∆ = 1.4 ppm. Microanalysis: calc. (found) for C14H19NO
C 77.78% (77.75%), H 8.81% (8.75%), N 6.45% (6.40%).
2-Methyl-4-(adamantane-2′-spiro)-5-methylidene oxazoline (53)301
N O
Collected as a yellow solid after Stage 6, m.p. 62 ◦C (ethyl acetate).
1H NMR (400 MHz, CDCl3): δ /ppm = 4.79 (d, 1 H, J = 2.4 Hz), 4.52 (d, 1 H, J = 2.4 Hz),
2.44 (d, 2 H, J = 12.4 Hz), 2.21 (d, 2 H, J = 12.4 Hz), 2.03 (s, 3 H), 1.86 (br. s, 3 H), 1.74 (s,
2 H), 1.69 – 1.55 (m, 5 H). 13C NMR (100 MHz, CDCl3): δ /ppm = 166.00, 158.67, 87.92
(CH2), 76.03, 38.70 (CH2), 37.08 (CH), 34.06 (CH2), 31.40 (CH2), 27.67 (CH), 26.41
(CH), 14.11 (CH3). IR (neat): ν /cm−1 = 3342 (w), 3031 (w), 2938 (w), 2801 (w), 1643
(w), 1495 (w), 1453 (w), 1363 (w), 1337 (w), 1282 (w), 1239 (w), 1212 (w), 1167 (w),
1139 (w), 1062 (s), 1042 (m), 1017 (m), 979 (w), 953 (w), 911 (w), 849 (w), 789 (m), 737
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(s), 698 (s), 662 (m). LC-MS: tR = 4.49 min, m/z 218.07 ([M + H]+). HRMS: m/z calc. for
[C14H20NO]
+ ([M + H]+) 218.1545, found 218.1541, ∆ = −1.8 ppm. Microanalysis: calc.
(found) for C14H19NO C 77.78% (77.80%), H 8.81% (8.77%), N 6.45% (6.44%).
2-Aminoadamantane-2-carboxylic acid hydrochloride (44)194
H2N OH
O
HCl
Collected as an off-white solid after recrystallisation from methanol, m.p. >258 ◦C (de-
comp.) [lit: 312 – 314 ◦C (decomp.)192].
1H NMR (400 MHz, CDCl3): δ /ppm = 8.70 (br. s, 3 H), 2.23 (s, 2 H), 2.16 (d, 2 H, J =
13.2 Hz), 1.93 (d, 2 H, J = 13.2 Hz), 1.73 – 1.90 (m, 4 H), 1.62 – 1.66 (m, 2 H). 13C NMR
(100 MHz, CDCl3): δ /ppm = 171.59, 63.92, 37.54 (CH2), 34.41 (CH), 32.25 (CH2), 31.22
(CH), 26.27 (CH). IR (neat): ν /cm−1 = 3223 (w), 2930 (m), 2874 (m), 2775 (m), 1729 (s),
1589 (m), 1507 (s), 1476 (m), 1373 (m), 1282 (w), 1239 (m), 1221 (m), 1146 (s), 1119 (w),
1100 (s), 1087 (m), 1066 (w), 1006 (w), 966 (w), 931 (w), 904 (w), 857 (m), 837 (m), 752
(w), 717 (s), 676 (w). LC-MS: tR = 0.31 min, m/z 196.10 ([M + H]+). HRMS: m/z calc. for
[C11H18NO2]
+ ([M – Cl]+) 196.1338, found 196.1336, ∆ = −1.0 ppm. Microanalysis: calc.
(found) for C11H18NO2Cl: C 57.02% (56.90%), H 7.83% (7.97%), N 6.04% (6.06%).
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Chemical Probes for BRD9
tert-Butyl (3,6-dichloropyridazin-4-yl)carbamate (87)302
N
N
Cl
H
Nt-BuO
O
Cl
For reactor scheme, see Figure 5.16, page 120.
Reagent Stream A: 3,6-Dichloropyridazine-4-carboxylic acid (8.0 g, 40 mmol), tri-
ethylamine (11.6 mL, 80 mmol, distilled over CaCl2 before use) and tert-butanol (18.5 g,
250 mmol) in toluene / acetonitrile (7 : 3 v/v, 125 mL).
Reagent Stream B: Diphenyl phosphoryl azide (13.5 mL, 75 mmol) in toluene / ace-
tonitrile (7 : 3 v/v, 125 mL).
Method: The reagents were stored in sealed flasks, pressurised to 1 bar under a nitrogen
atmosphere, and each stream was drawn through a pump at 0.179 mL/min. The streams
are combined ( 1 mm PFA tubing) in a tee mixer ( 0.5 mm, ETFE) and then heated at
120 ◦C in a continuous flow coil ( 2.5 mm, 2×25 mL volume, SS) before passing through
a 100 psi back-pressure regulator.
The output was collected and the solvent removed. The residue was extracted into toluene
(2×250 mL) from 0.1 M aqueous citric acid (50 mL). The combined organic extracts
were dried (MgSO4) and concentrated. The resultant mixture was purified by column
chromatography (50 g KP-NH silica), using a solvent system of ethyl acetate / hexane (0 : 1
to 2 : 8 over 20 CV, then 2 : 8 for 5 CV) to afford the title compound (8.5 g, 32 mmol, 39 %)
as a white solid, m.p. 110 – 111 ◦C (ethyl acetate) [lit: 81 – 83 ◦C302].
1H NMR (400 MHz, CDCl3): δ /ppm = 8.36 (s, 1 H), 7.20 (br. s, 1 H, NH), 1.56 (s, 9 H).
13C NMR (100 MHz, CDCl3): δ /ppm = 156.51, 150.88, 144.86, 137.28, 114.58 (CH),
84.11, 28.00 (CH3). IR (neat): ν /cm−1 = 3286 (w), 3186 (w), 3146 (w), 3086 (w), 2978
(w), 2933 (w), 2216 (w), 2168 (w), 2030 (w), 1994 (w), 1979 (w), 1760 (w), 1732 (s), 1693
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(w), 1638 (w), 1590 (w), 1547 (s), 1489 (s), 1457 (m), 1411 (w), 1393 (w), 1367 (m), 1341
(m), 1277 (m), 1265 (w), 1237 (s), 1188 (m), 1151 (s), 1131 (s), 1118 (s), 1056 (m), 1026
(m), 1010 (m), 959 (s), 882 (m), 860 (s), 788 (m), 753 (m), 740 (m), 688 (m). HRMS: m/z
calc. for C9H12O2N3[
35Cl]2 ([M + H]
+) 264.0301, found 264.0292, ∆ = −3.3 ppm.
3,6-Dichloropyridazin-4-amine (88)302
N
N
Cl
H2N
Cl
tert-Butyl (3,6-dichloropyridazin-4-yl)carbamate (87) (10 g, 37.8 mmol) is dissolved in
dichloromethane (40 mL). 4 M HCl in dioxane (125 mL) was added, with rapid formation
of a precipitate. The reaction mixture was allowed to stir at 25 ◦C for 1 day, and then the
solid was collected by filtration and resuspended in DCM (100 mL). 2 M NH3 in methanol
(50 mL) was added and stirred at 25 ◦C for 30 minutes. The solid product was collected by
filtration, washing with DCM and then dried in vacuo. The title compound (6.2 g, quant.)
was collected as a white solid, m.p. 204.6 – 204.8 ◦C (dichloromethane) [lit: 194 – 196 ◦C
(ethyl acetate)302].
1H NMR (400 MHz, DMSO-d6): δ /ppm = 7.1 (br. s, 2 H, NH2), 6.8 (s, 1 H).
13C
NMR (100 MHz, DMSO-d6): δ /ppm = 154.53, 146.26, 143.72, 108.49 (CH). IR (neat):
ν /cm−1 = 3459 (w), 3290 (w), 3209 (w), 3094 (w), 3049 (m), 2795 (w), 2694 (w), 1635
(s), 1563 (s), 1517 (w), 1439 (w), 1383 (m), 1293 (m), 1125 (s), 1072 (m), 1053 (s), 962
(s), 882 (s), 727 (s), 684 (m). HRMS: m/z calc. for C4H4N3[
35Cl]2 ([M + H]
+) 163.9782,
found 163.9783, ∆ = 0.6 ppm. Microanalysis: calc. (found) for C4H4N3Cl2 C 29.30%
(29.41%), H 1.84% (1.82%), N 25.62% (24.61%), Cl 43.23 (43.44%).
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3,6-Dichloro-3-hydrazinylpyridazin-4-amine (91)302
N
N
Cl
H2N
HN
NH2
A mixture of 3,6-dichloropyridazin-4-amine (88) (3.0 g, 18.2 mmol), hydrazine hydrate
(27 mL) and water (8 mL) was heated in two portions in sealed vials under microwave
irradiation at 100 ◦C for 3 h. The reaction mixture was allowed to cool to room temperature,
and the resulting slurry collected by filtration, washing on the filter with water (10 mL).
The title compound (2.2 g, 13.6 mmol, 75 %) was collected as a white solid.
1H NMR (400 MHz, DMSO-d6): δ /ppm = 7.27 (br. s, 1 H), 6.36 (s, 1 H), 6.24 (br. s,
2 H), 4.23 (br. s, 2 H). 13C NMR (100 MHz, DMSO-d6): δ /ppm = 143.93, 137.58, 103.59,
91.83 (CH). IR (neat): ν /cm−1 = 3317 (w), 3285 (w), 3101 (m), 3045 (w), 2984 (m), 2931
(w), 2763 (w), 2272 (w), 2254 (w), 2216 (w), 2199 (w), 2168 (w), 2138 (w), 2027 (w),
1988 (w), 1980 (w), 1972 (w), 1958 (w), 1670 (w), 1577 (s), 1558 (m), 1456 (m), 1417
(w), 1394 (w), 1344 (w), 1308 (w), 1276 (m), 1177 (w), 1145 (w), 1100 (m), 991 (m), 960
(m), 879 (m), 824 (m), 761 (w), 695 (m). HRMS: m/z calc. for C4H7N5[
35Cl] ([M + H]+)
160.0390, found 160.0396, ∆ = 3.7 ppm.
6-Chloro-3-methyl-[1,2,4]triazolo[4,3-b]pyridazin-8-amine (76)235
N
N
N N
Cl
H2N
A mixture of 3,6-dichloro-3-hydrazinylpyridazin-4-amine (91) (2.4 g, 15 mmol) and acetic
acid (30 mL) was heated in two portions in sealed vials under microwave irradiation at
120 ◦C for 2 h. The solvent was removed and the combined residue recrystallized from
10 % water in ethanol. The title compound (1.35 g, 7 mmol, 49 %) was collected as a pale
yellow crystalline solid, m.p. 233.5 – 234.0 ◦C (decomp.).
1H NMR (400 MHz, DMSO-d6): δ /ppm = 7.85 (br. s, 2 H), 6.09 (s, 1 H), 2.48 (s, 3 H).
13C NMR (100 MHz, DMSO-d6): δ /ppm = 149.77, 147.16, 144.31, 139.79, 94.01 (CH),
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9.90 (CH3). IR (neat): ν /cm−1 = 3451 (m), 3299 (w), 3214 (w), 3103 (m), 3073 (m), 1651
(s), 1596 (w), 1563 (s), 1529 (m), 1466 (s), 1421 (s), 1411 (s), 1379 (m), 1339 (m), 1243
(m), 1188 (w), 1129 (s), 1051 (m), 994 (w), 929 (s), 810 (s), 794 (m), 745 (m), 718 (s),
669 (m). HRMS: m/z calc. for C6H7N5[
35Cl] ([M + H]+) 184.0390, found 184.0392, ∆ =
1.1 ppm.
2-Methyl-5-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)aniline (100)303
B
OO
NH2
(3-Amino-4-methylphenyl)boronic acid (0.50 g, 3.3 mmol) and pinacol (0.43 g, 3.6 mmol)
in acetonitrile (5 mL) was stirred at 25 ◦C for 18 h. The solvent was removed and the
resulting solid triturated with CH2Cl2 to afford the title compound (0.5 g, 65 %) as a pale
orange crystalline solid.
An analytical sample was recrystallised from ethanol, m.p. 115.2 – 115.4 ◦C (ethanol) [lit:
107 – 108 ◦C303].
1H NMR (400 MHz, CDCl3): δ /ppm = 7.16 (d, J = 7.2 Hz, 1 H, H-4), 7.12 (s, 1 H, H-8),
7.07 (d, J = 7.2 Hz, 1 H, H-5), 3.57 (br. s, 2 H, NH2), 2.18 (s, 3 H, H-6
′), 1.33 (s, 12 H,
H-1). 13C NMR (100 MHz, CDCl3): δ /ppm = 144.18, 130.12 (CH), 125.99, 125.35 (CH),
121.17 (CH), 83.70, 24.98 (CH3), 17.72 (CH3), (One carbon resonance was not visible). IR
(neat): ν /cm−1 = 3421 (w), 3352 (w), 3003 (w), 2979 (w), 2931 (w), 1632 (w), 1607 (w),
1564 (w), 1516 (w), 1454 (w), 1419 (m), 1378 (m), 1366 (m), 1349 (s), 1320 (m), 1297 (m),
1285 (m), 1260 (s), 1214 (w), 1203 (m), 1169 (m), 1137 (s), 1104 (m), 1064 (w), 1035 (w),
997 (m), 967 (m), 922 (w), 892 (w), 855 (s), 832 (w), 812 (s), 787 (w), 753 (w), 727 (m),
701 (m), 685 (s), 672 (m). HRMS: m/z calc. for C13H21[
11B]NO2 ([M + H]
+) 234.1665,
found 234.1662, ∆ = −1.3 ppm.
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N-(2-methyl-5-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)phenyl)
methanesulfonamide (102e)
4
5
8
B
OO
1
N
H
S
9
OO
6'
Compound 100 (1.5 g, 6.6 mmol), mesyl chloride (1.0 mL, 13 mmol, 2 equiv.), and pyridine
(1.0 mL, 13 mmol) in acetonitrile (4 mL) were stirred at 25 ◦C for 1 h. The solvent was
removed and the solid product partitioned between ethyl acetate (10 mL) and aqueous
HCl (0.2 M, 10 mL). The aqueous phase was extracted with ethyl acetate (10 mL), and the
combined organic phases dried (MgSO4), concentrated and recrystallized from ethanol
to afford the title compound (637 mg, 50 %) as an off-white solid, m.p. 146.5 – 146.8 ◦C
(ethanol).
1H NMR (400 MHz, CDCl3): δ /ppm = 7.77 (s, 1 H, H-8), 7.60 (d, J = 7.6 Hz, 1 H, H-
4), 7.26 (d, J = 7.6 Hz, 1 H, H-5), 6.10 (br. s, 1 H, NH), 3.06 (s, 3 H, H-9), 2.38 (s,
3 H, H-6′), 1.33 (s, 12 H, H-1). 13C NMR (100 MHz, CDCl3): δ /ppm = 135.76, 133.30,
130.99, 130.25, 115.64, 84.11 (CH), 40.37 (CH3), 25.02 (CH3), 18.60 (CH3), (One carbon
resonance was not visible). IR (neat): ν /cm−1 = 3277 (w), 2980 (w), 1611 (w), 1512
(w), 1474 (w), 1449 (w), 1405 (m), 1370 (m), 1352 (m), 1317 (s), 1283 (w), 1271 (w),
1215 (w), 1191 (w), 1161 (m), 1149 (s), 1131 (m), 1089 (m), 1038 (w), 1000 (w), 985
(m), 963 (m), 931 (w), 919 (w), 853 (m), 838 (w), 828 (w), 797 (w), 776 (m), 722 (w),
697 (w), 683 (w), 671 (m). HRMS: m/z calc. for C14H23[
11B]NO4S ([M + H]
+) 312.1441,
found 312.1435, ∆ = −1.9 ppm. Microanalysis: calc. (found) for C13H20BNO2 C 54.03%
(53.83%), H 7.13% (7.07%), N 4.50% (4.51%).
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General Procedure A for sulfonamide formation
Compound 100, the aryl sulfonyl chloride (1.1 equiv.), and pyridine (0.5 mL, 2 equiv.)
in ethanol (4 mL) were stirred at 25 ◦C for 18 h. The solvent was removed and the solid
product partitioned between ethyl acetate (5 mL) and water (5 mL). The organic phase was
dried (MgSO4), concentrated and recrystallized from ethanol.
2-Chloro-N-(2-methyl-5-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)
phenyl)benzenesulfonamide (102a)
4
5
8
B
OO
1
N
H
S
13
12
11
10
Cl
OO
6'
Prepared according to General Procedure A on 3.3 mmol scale. Recrystallisation from
ethanol (two rounds) afforded the title compound (914 mg, 68 %) as a colourless crystalline
solid, m.p. 177.6 – 177.8 ◦C (ethanol).
1H NMR (400 MHz, CDCl3): δ /ppm = 7.99 (dd, J = 8.0 Hz and 1.6 Hz, 1 H, H-10), 7.54
(dd, J = 8.0 Hz and 1.3 Hz, 1 H, H-13), 7.51 – 7.41 (m, 3 H, H-4, H-8 and H-12), 7.32 (td,
J = 8.0 Hz and 1.3 Hz, 1 H, H-11), 7.13 (d, J = 7.4 Hz, 1 H, H-5), 6.72 (br. s, 1 H, NH),
2.29 (s, 3 H, H-6′), 1.27 (s, 12 H, H-1), (One carbon resonance was not visible). 13C NMR
(100 MHz, CDCl3): δ /ppm = 137.35, 136.01, 133.98 (CH), 133.68, 132.92 (CH), 132.07
(CH), 131.75 (CH), 131.67, 130.69 (CH), 130.34 (CH), 127.19 (CH), 83.91, 24.97 (CH3),
18.27 (CH3). IR (neat): ν /cm−1 = 3371 (w), 2980 (w), 1615 (w), 1453 (w), 1436 (w),
1380 (s), 1372 (s), 1354 (s), 1331 (s), 1317 (s), 1284 (w), 1251 (w), 1235 (w), 1217 (w),
1160 (s), 1144 (s), 1127 (s), 1111 (s), 1087 (s), 1042 (s), 996 (w), 967 (s), 947 (w), 916
(w), 880 (w), 853 (s), 828 (w), 771 (s), 751 (s), 719 (s), 710 (w), 696 (w), 683 (w), 665
(s). HRMS: m/z calc. for C19H23[
11B][35Cl]NO4S ([M + H]
+) 408.1208, found 408.1199,
∆ = −2.2 ppm. Microanalysis: calc. (found) for C19H22BClNO4S C 55.97% (55.92%), H
5.69% (5.61%), N 3.44% (3.49%), Cl 8.69% (8.89%).
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3-Chloro-N-(2-methyl-5-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-
yl)phenyl)benzenesulfonamide (102b)
4
5
8
B
OO
1
N
H
S
9
10
11
13OO
6'
Cl
Prepared according to General Procedure A on 3.3 mmol scale. Recrystallisation from
ethanol (two rounds) afforded the title compound (741 mg, 55 %) as a colourless crystalline
solid, m.p. 138.4 – 138.6 ◦C (ethanol).
1H NMR (400 MHz, CDCl3): δ /ppm = 7.73 (t, J = 1.9 Hz, 1 H, H-14), 7.64 – 7.47 (m,
4 H, H-4, H-8, H-10 and H-12), 7.37 (t, J = 7.9 Hz, 1 H, H-11), 7.15 (d, J = 7.5 Hz, 1 H,
H-5), 6.22 (br. s, 1 H, NH), 2.10 (s, 3 H, H-6′), 1.32 (s, 12 H, H-1). 13C NMR (100 MHz,
CDCl3): δ /ppm = 141.36, 136.70, 135.29, 133.59 (CH), 133.46, 133.11 (CH), 132.19
(CH), 130.74 (CH), 130.35 (CH), 127.64 (CH), 125.58 (CH), 84.05, 25.00 (CH3), 18.14
(CH3), (One carbon resonance was not visible). IR (neat): ν /cm−1 = 3371 (w), 2980 (w),
1615 (w), 1578 (w), 1560 (w), 1510 (w), 1453 (w), 1436 (w), 1380 (s), 1372 (s), 1354
(s), 1331 (s), 1317 (s), 1284 (m), 1251 (m), 1235 (w), 1217 (w), 1160 (s), 1144 (s), 1127
(s), 1111 (m), 1087 (m), 1042 (m), 996 (m), 967 (m), 947 (m), 916 (w), 880 (w), 853
(s), 828 (m), 771 (s), 751 (s), 719 (m), 710 (m), 696 (w), 683 (m), 665 (s). HRMS: m/z
calc. for [C19H23[
11B][35Cl]NO4S]
+ ([M + H]+) 408.1208, found 408.1202, ∆ = −1.5 ppm.
Microanalysis: calc. (found) for C19H22BClNO4S C 55.97% (55.93%), H 5.69% (5.64%),
N 3.44% (3.54%), Cl 8.69% (8.71%).
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4-Chloro-N-(2-methyl-5-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)
phenyl)benzenesulfonamide (102c)
4
5
8
B
OO
1
N
H
S 11
10OO
6' Cl
Prepared according General Procedure A on 2.7 mmol scale. Recrystallisation from ethanol
(two rounds) afforded the title compound (852 mg, 77 %) as a colourless crystalline solid,
m.p. 199.1 – 199.3 ◦C (ethanol).
1H NMR (400 MHz, CDCl3): δ /ppm = 7.62 (d, J = 8.6 Hz, 2 H, H-10), 7.55 (d, J =
7.5 Hz, 1 H, H-4), 7.47 (s, 1 H, H-8), 7.40 (d, J = 8.6 Hz, 2 H, H-11), 7.15 (d, J = 7.5 Hz,
1 H), 6.14 (br. s, 1 H, NH), 2.09 (s, 3 H, H-6′), 1.32 (s, 12 H, H-1). 13C NMR (100 MHz,
CDCl3): δ /ppm = 139.54 (C-12), 138.10 (C-9), 136.94 (CAr), 133.58 (CH, CAr), 133.52
(CAr), 132.47 (CH, CAr), 130.73 (CH, CAr), 129.33 (CH, C-11), 128.96 (CH, C-10), 84.05
(C-2), 24.99 (CH3, C-6
′), 18.16 (CH3, C-1), (One carbon resonance was not visible). IR
(neat): ν /cm−1 = 3219 (w), 2977 (w), 2162 (w), 2033 (w), 2010 (w), 2000 (w), 1988
(w), 1976 (w), 1614 (w), 1586 (w), 1575 (w), 1515 (w), 1477 (w), 1446 (w), 1409 (m),
1383 (m), 1372 (m), 1350 (s), 1333 (s), 1278 (m), 1218 (w), 1188 (m), 1164 (s), 1145
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(s), 1129 (s), 1111 (m), 1089 (s), 1037 (w), 1013 (m), 997 (w), 965 (m), 936 (m), 920
(m), 884 (w), 854 (m), 836 (m), 822 (m), 798 (m), 756 (s), 723 (m), 696 (s), 681 (s).
HRMS: m/z calc. for C19H23[
11B][35Cl]NO4S ([M + H]
+) 408.1208, found 408.1198, ∆ =
−2.5 ppm. Microanalysis: calc. (found) for C19H22BClNO4S C 55.97% (55.94%), H 5.69%
(5.64%), N 3.44% (3.41%), Cl 8.69% (8.56%). The structure was confirmed by X-ray
crystallographic analysis, and deposited at Cambridge University with the unique reference
SL1242.
3,4-Dichloro-N-(2-methyl-5-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-
2-yl)phenyl)benzenesulfonamide (102d)
4
5
8
B
OO
1
N
H
S
10
11
14OO
6' Cl
Cl
Prepared according General Procedure A on 3.3 mmol scale. Recrystallisation from ethanol
(two rounds) afforded the title compound (922 mg, 63 %) as a colourless crystalline solid,
m.p. 176.2 – 176.4 ◦C (ethanol).
1H NMR (400 MHz, CDCl3): δ /ppm = 7.81 (s, 1 H, H-14), 7.57 (d, J = 7.5 Hz, 1 H, H-4),
7.51 (m, 2 H, H-10 and H-11), 7.40 (s, 1 H, H-8), 7.18 (d, J = 7.5 Hz, 1 H, H-5), 6.29 (br. s,
1 H, NH), 2.17 (s, 3 H, H-6′), 1.31 (s, 12 H, H-1). 13C NMR (100 MHz, CDCl3): δ /ppm =
139.28, 137.86, 137.23, 133.83 (CH), 133.69, 133.18, 132.35 (CH), 131.11 (CH), 130.91
(CH), 129.56 (CH), 126.57 (CH), 126.36, 84.09, 24.99 (CH3), 18.29 (CH3). IR (neat):
ν /cm−1 = 3202 (w), 2975 (w), 1617 (w), 1520 (w), 1452 (w), 1424 (m), 1394 (w), 1386
(w), 1356 (s), 1339 (s), 1310 (m), 1272 (m), 1217 (w), 1192 (m), 1167 (s), 1141 (s), 1129
(s), 1090 (s), 1033 (m), 998 (w), 963 (m), 942 (m), 914 (w), 889 (w), 855 (m), 822 (s),
813 (s), 798 (m), 767 (w), 700 (s), 677 (s). HRMS: m/z calc. for C19H24[
11B][35Cl]2NO4S
([M + H]+) 442.0818, found 442.0806, ∆ = −2.7 ppm. Microanalysis: calc. (found) for
C19H23BCl2NO4S C 51.61% (51.46%), H 5.02% (4.92%), N 3.17% (3.14%), Cl 16.03%
(15.76%).
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General Procedure B for Aryl Coupling
Triazolopyridazine 76 (0.1 mmol), the boronic ester (1.1 equiv.), potassium phosphate (4
equiv.) and [1,1′-bis(di-tert-butylphosphino)ferrocene]dichloropalladium(II) (10 mol%)
were combined with n-butanol / water (7 : 3 v/v, 2 mL) in a sealed vial. The solvent was
degassed under vacuum by three freeze-thaw cycles, and the vial was then backfilled with
N2. The reaction mixture was heated to 100
◦C for 4 h under microwave irradiation. The
solvent was removed, and the resulting mixture redissolved in methanol / water (1 : 1 v/v)
and purified by preparative HPLC using a methanol / water gradient.
N-(5-(8-Amino-3-methyl-[1,2,4]triazolo[4,3-b]pyridazin-6-yl)-2-meth-
ylphenyl)-2-chlorobenzenesulfonamide (103b)
5 N
N
N N
1
12
9
8
10'
N
H
S 17
16
15
14
OO
H2N
Cl
Prepared according to General Procedure B above. Purification by HPLC afforded the title
compound (15 mg, 35 %) as a white solid.
1H NMR (400 MHz, CDCl3): δ /ppm = 8.07 (dd, J = 7.9 Hz and 1.5 Hz, 1 H, H-19), 7.79
(d, J = 1.8 Hz, 1 H, H-12), 7.64 – 7.44 (m, 3 H, H-8, H-15 and H-9 or H-22), 7.36 (t,
J = 7.4 Hz, 1.5 Hz, 1 H, H-21), 7.25 (d, J = 7.4 Hz, 1 H, H-9 or H-22), 6.98 (br. s, 1 H,
NH), 6.41 (s, 1 H, H-5), 5.57 (br. s, 2 H, NH2), 2.78 (s, 3 H, H-1), 2.34 (s, 3 H, H-10
′).
13C NMR (126 MHz, CDCl3): δ /ppm = 154.16, 148.03, 141.15, 140.02, 136.97, 134.84,
134.70, 134.24 (CH), 132.92, 131.82 (CH), 131.82 (CH), 131.54, 131.49 (CH), 127.29
(CH), 124.45 (CH), 121.18 (CH), 93.69 (CH), 17.69 (CH3), 10.00 (CH3). HRMS: m/z calc.
for C19H18N6O2S[
35Cl] ([M + H]+) 429.0900, found 429.0901, ∆ = 0.2 ppm.
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N-(5-(8-Amino-3-methyl-[1,2,4]triazolo[4,3-b]pyridazin-6-yl)-2-meth-
ylphenyl)-3-chlorobenzenesulfonamide (103c)
5 N
N
N N
1
12
9
8
10'
N
H
S
18
16
15
14
OO
H2N
Cl
Prepared according to General Procedure B above. Purification by HPLC afforded the title
compound (1 mg, 4 %) as a white solid.
1H NMR (400 MHz, CDCl3): δ /ppm = 7.85 (d, J = 1.9 Hz, 1 H, H-12), 7.81 (t, J = 1.9 Hz,
1 H, H-18), 7.73 (dd, J = 8.0 Hz and 1.9 Hz, 1 H, H-14), 7.64 (d, J = 8.0 Hz, 1 H, H-16),
7.55 (d, J = 8.2 Hz, 1 H, H-8), 7.40 (t, J = 8.0 Hz, 1 H, H-15), 7.26 (d, J = 8.2 Hz, 1 H, H-9),
6.48 (s, 1 H, H-5), 6.41 (br. s, 1 H, NH), 5.43 (br. s, 2 H, NH2), 2.81 (s, 3 H, H-1), 2.10
(s, 3 H, H-10′). 13C NMR (126 MHz, CDCl3): δ /ppm = 153.99, 148.13, 141.23, 141.16,
140.02, 135.33, 135.07, 134.42, 133.62, 133.28 (CH), 131.47 (CH), 130.44 (CH), 127.25
(CH), 125.29 (CH), 125.22 (CH), 123.27 (CH), 93.72 (CH), 17.50 (CH3), 10.00 (CH3).
HRMS: m/z calc. for C19H18N6O2S[
35Cl] ([M + H]+) 429.0900, found 429.0909, ∆ =
2.1 ppm.
N-(5-(8-Amino-3-methyl-[1,2,4]triazolo[4,3-b]pyridazin-6-yl)-2-meth-
ylphenyl)-4-chlorobenzenesulfonamide (103d)
5 N
N
N N
1
12
9
8
10'
N
H
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H2N
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Prepared according to the General Procedure B above. Purification by HPLC afforded the
title compound (12 mg, 32 %) as a white solid.
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1H NMR (500 MHz, DMSO-d6): δ /ppm = 9.81 (br. s, 1 H, NH), 7.73 – 7.52 (m, 7 H),
7.46 (br. s, 2 H, NH2), 7.27 (d, J = 8.0 Hz, 1 H, H-9), 6.45 (s, 1 H, H-5), 2.61 (s, 3 H, H-1),
2.06 (s, 3 H, H-10′). 13C NMR (126 MHz, DMSO-d6): δ /ppm = 153.35 (C-6), 146.70
(C-2), 142.85 (C-3), 140.12 (C-16), 139.86 (C-4), 137.24 (C-13), 135.62 (C-10), 134.08
(C-7), 131.10 (CH, C-9), 129.29 (CH, C-15), 128.50 (CH, C-14), 123.69 (CH, C-12), 91.45
(CH, C-5), 17.66 (CH3, C-10
′), 9.53 (CH3, C-1), (C-8 and C-11 were not visible). HRMS:
m/z calc. for C19H18[
35Cl]N6O2S ([M + H]
+) 429.0900, found 429.0894, ∆ = −1.4 ppm.
N-(5-(8-Amino-3-methyl-[1,2,4]triazolo[4,3-b]pyridazin-6-yl)-2-meth-
ylphenyl)-3,4-dichlorobenzenesulfonamide (103e)
5 N
N
N N
1
12
9
8
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N
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H2N
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Prepared according to the General Procedure B above. Purification by HPLC afforded the
title compound (9 mg, 13 %) as a white solid.
1H NMR (400 MHz, DMSO-d6): δ /ppm = 10.00 (br. s, 1 H, NH), 7.84 (d, J = 2.1 Hz,
1 H, H-18), 7.75 (d, J = 8.3 Hz, 1 H, H-15), 7.64 (dd, J = 8.4 Hz and 2.1 Hz, 1 H, H-14),
7.54 (d, J = 1.9 Hz, 1 H, H-12), 7.41 (br. s, 2 H, NH2), 7.46 – 7.33 (m, 1 H, H-8), 7.19
(d, J = 7.8 Hz, 1 H, H-9), 6.44 (s, 1 H, H-5), 2.60 (s, 3 H, H-1), 2.10 (s, 3 H, H-10′). 13C
NMR (126 MHz, DMSO-d6): δ /ppm = 154.13 (C-6), 146.67 (C-2), 142.74 (C-3), 139.97
(C-4), 134.49 (C-11), 133.97 (C-13), 133.82 (C-7), 131.47 (C-16), 131.19 (CH, C-15),
130.58 (CH, C-9), 128.19 (CH, C-18), 126.67 (CH, C-14), 91.73 (CH, C-5), 18.23 (CH3,
C-10′), 9.58 (CH3, C-1), (C-8, C-10, C-12 and C-17 were not visible). HRMS: m/z calc.
for C19H17[
35Cl]2N6O2S ([M + H]
+) 463.0511, found 463.0505, ∆ = −1.3 ppm.
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Ethyl (6-(3-((2-chlorophenyl)sulfonamido)-4-methylphenyl)-3-meth-
yl-[1,2,4]triazolo[4,3-b]pyridazin-8-yl)carbamate (108b)
5 N
N
N N
1
12
9
8
10'
N
S 17
16
15
OO
H2N
O O
Cl
20
21
To a solution of compound 103b (1 mg), N,N-dimethylaminopyridine (3 mg) and triethy-
lamine (8 µL) in tetrahydrofuran (5 mL) under an N2 atmosphere was added a solution
of ethyl chloroformate in tetrahydrofuran (0.1 M, 0.4 mL) in two portions. The mixture
was stirred at room temperature for 20 minutes. Aqueous citric acid (0.1 M, 5 mL) was
added, and the mixture concentrated under reduced pressure. The residue was dissolved in
methanol / water (1 : 1 v/v) and purified by HPLC to afford the title compound (<1 mg).
1H NMR (400 MHz, CDCl3): δ /ppm = 8.43 (d, J = 8.1 Hz and 1.9 Hz, 1 H), 8.10 (d, J =
1.9 Hz, 1 H), 7.88 (dd, J = 8.0 Hz and 1.9 Hz, 1 H), 7.66 – 7.56 (m, 2 H), 7.56 – 7.49 (m,
1 H), 7.45 (d, J = 8.0 Hz, 1 H), 6.52 (s, 1 H), 5.45 (s, 2 H), 4.25 – 4.04 (m, 2 H), 2.83 (s,
3 H), 2.49 (s, 3 H), 1.13 (t, J = 7.1 Hz, 3 H).
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Ethyl (6-(3-((3-chlorophenyl)sulfonamido)-4-methylphenyl)-3-meth-
yl-[1,2,4]triazolo[4,3-b]pyridazin-8-yl)carbamate (108c)
5 N
N
N N
1
12
9
8
10'
N
S
18
16
15
OO
H2N
O O
Cl
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21
To a solution of compound 103c (1 mg), N,N-dimethylaminopyridine (5.6 mg) and triethy-
lamine (8 µL) in tetrahydrofuran (5 mL) under an N2 atmosphere was added a solution of
ethyl chloroformate in tetrahydrofuran (0.1 M, 0.2 mL). The mixture was stirred at room
temperature for 10 minutes. Aqueous citric acid (0.1 M, 5 mL) was added, and the mixture
concentrated under reduced pressure. The residue was dissolved in methanol / water (1 : 1
v/v) and purified by HPLC to afford the title compound (<1 mg).
1H NMR (400 MHz, CDCl3): δ /ppm = 8.10 (t, J = 1.9 Hz, 1 H, H-18), 8.03 (d, J = 7.8,
1 H, H-14), 7.91 (dd, J = 8.0 Hz and 1.9 Hz, 1 H, H-8), 7.73 – 7.64 (m, 2 H, H-12 and H-16),
7.55 (t, J = 8.0 Hz, 1 H, H-15), 7.46 (d, J = 8.0 Hz, 1 H, H-9), 6.50 (s, 1 H, H-5), 5.50 (s,
2 H, NH2), 4.31 – 4.07 (m, NH2, H-20), 2.82 (s, 3 H, H-1), 2.37 (s, 3 H, H-10
′), 1.19 (t,
J = 7.1 Hz, 3 H, H-21). 13C NMR (126 MHz, CDCl3): δ /ppm = 153.73, 151.65, 148.15,
141.26, 140.79, 140.55, 140.00, 135.58, 134.99, 134.92, 134.12 (CH), 131.77 (CH), 130.14
(CH), 129.16 (CH), 128.12 (CH), 127.79 (CH), 127.46 (CH), 93.66 (CH), 64.00 (CH2),
18.10 (CH3), 14.08 (CH3), 10.03 (CH3).
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Ethyl (6-(3-((4-chlorophenyl)sulfonamido)-4-methylphenyl)-3-meth-
yl-[1,2,4]triazolo[4,3-b]pyridazin-8-yl)carbamate (108d)
5 N
N
N N
1
12
9
8
10'
N
S
14
15
OO
H2N
ClO O
18
19
To a solution of compound 103d (10 mg) and triethylamine (10 µL) in tetrahydrofuran
(10 mL) was added a solution of ethyl chloroformate in tetrahydrofuran (0.1 M, 0.5 mL).
The mixture was stirred at room temperature for 5 minutes. Aqueous citric acid (0.1 M,
5 mL) was added, and the mixture concentrated under reduced pressure. The residue
was extracted into ethyl acetate (2×10 mL), and the combined organic phases were dried
(MgSO4), filtered, and concentrated under reduced pressure to afford the title compound
(11 mg, 95 %) as a white solid.
1H NMR (400 MHz, CDCl3): δ /ppm = 8.06 (d, J = 8.7 Hz, 2 H, H-14), 7.89 (dd, J =
8.0 Hz and 1.9 Hz, 1 H), 7.65 (d, J = 1.9 Hz, 1 H), 7.57 (d, J = 8.7 Hz, 2 H, H-15), 7.45
(d, J = 8.0 Hz, 1 H, H-9), 6.49 (s, 1 H, H-5), 5.50 (br. s, 2 H, NH2), 4.27 – 4.06 (m, 2 H,
H-18), 2.82 (s, 3 H, H-1), 2.34 (s, 3 H, H-10′), 1.18 (t, J = 7.1 Hz, 3 H, H-19). 13C NMR
(126 MHz, CDCl3): δ /ppm = 153.78, 151.77, 148.10, 141.24, 140.81, 140.42, 139.99,
137.51, 135.61, 134.88, 131.71 (CH), 130.72 (CH), 129.19 (CH), 128.06 (CH), 127.88
(CH), 93.66 (CH), 63.87 (CH2), 18.11 (CH3), 14.12 (CH3), 10.01 (CH3). HRMS: m/z calc.
for C22H22[
35Cl]N6O4S ([M + H]
+) 501.1112, found 501.1133, ∆ = 4.2 ppm.
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Ethyl ((3,4-dichlorophenyl)sulfonyl)(5-(8-((ethoxycarbonyl)amino)-3-
methyl-[1,2,4]triazolo[4,3-b]pyridazin-6-yl)-2-methylphenyl)carbamate
(109e)
5 N
N
N N
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To a solution of 103e (4 mg) and triethylamine (10 µL) in dichloromethane (5 mL) was
added ethyl chloroformate (0.1 mL). The mixture was stirred at room temperature for
5 minutes. Water (2 mL) was added, and the solvent removed under reduced pressure.
Purification by HPLC afforded the title compound (2 mg, 38 %).
1H NMR (500 MHz, DMSO-d6): δ /ppm = 8.20 (d, J = 2.2 Hz, 1 H, H-18), 8.09 (s, 1 H,
H-5), 8.05 (d, J = 8.5 Hz, 1 H, H-15), 8.01 (dd, J = 8.0 Hz and 1.9 Hz, 1 H, H-8), 7.94 (dd,
J = 8.5 Hz and 2.2 Hz, 1 H, H-14), 7.76 (d, J = 1.9 Hz, 1 H, H-12), 7.63 (dd, J = 8.0 Hz,
1 H, H-9), 4.27 (q, J = 7.1 Hz, 2 H, H-23), 4.23 – 4.02 (m, 2 H, H-20), 2.73 (s, 3 H, H-1),
2.32 (s, 3 H, H-10′), 1.30 (t, J = 7.1 Hz, 3 H, H-24), 1.09 (t, J = 7.1 Hz, 3 H, H-21). 13C
NMR (126 MHz, DMSO-d6): δ /ppm = 171.59, 156.02, 152.86, 148.75, 147.50, 140.57,
139.09, 138.28, 137.98, 135.36, 134.32, 132.26, 132.08 (CH), 131.95 (CH), 130.62 (CH),
128.58 (CH), 128.21 (CH), 127.58 (CH), 100.75 (CH), 64.56 (CH2), 64.09 (CH2), 17.57
(CH3), 14.39 (CH3), 13.85 (CH3), 9.56 (CH3), (One carbon resonance was not visible).
HRMS: m/z calc. for C25H25N6O6S[
35Cl]2 ([M + H]
+) 607.0933, found 607.0912, ∆ =
−3.5 ppm.
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Chemical Probes for CECR2
6-Chloro-3-methyl-[1,2,4]triazolo[4,3-b]pyridazine (129)233
4
5 N
N
NN
1
Cl
To 3-chloro-6-hydrazino pyridazine (250 mg, 1.75 mmol, Alfa Aesar) was added acetic
acid (2.5 mL) and the mixture heated at 120 ◦C for 1 hour in a sealed vial under microwave
irradiation. The solvent was removed, and the remaining acetic acid removed by azeotropic
drying with toluene. The title compound was obtained (270 mg, 1.60 mmol, 92 %) as a
white solid, m.p. 105 – 107 ◦C (ethyl acetate / hexane) [lit: 106 – 107 ◦C233].
1H NMR (400 MHz, CDCl3): δ /ppm = 8.02 (d, J = 9.6 Hz, 2 H, H-5), 7.07 (d, J = 9.6 Hz,
2 H, H-4), 2.77 (s, 3 H, H-1). 13C NMR (100 MHz, CDCl3): δ /ppm = 149.19 (C-6), 147.36
(C-2), 142.74 (C-3), 126.39 (CH, C-5), 121.76 (CH, C-4), 9.78 (CH3, C-1). IR (neat):
ν /cm−1 = 3029 (w), 1813 (w), 1605 (w), 1538 (w), 1513 (m), 1464 (m), 1441 (w), 1406
(w), 1383 (m), 1364 (m), 1330 (m), 1172 (w), 1152 (m), 1139 (w), 1081 (m), 1030 (m),
996 (m), 930 (m), 813 (s), 784 (m), 755 (s), 669 (w), 658 (m). LC-MS: tR = 1.04 min, m/z
169.15 ([M + H]+). HRMS: m/z calc. for [C6H6N4
35Cl]+ ([M + H]+) 169.0276, found
169.0270, ∆ = −3.1 ppm.
General Procedure A for the synthesis of sulfonamides
The sulfonyl chloride (256 mg, 1 mmol) was dissolved in n-butanol, CPME or DME (8 mL).
QuadraPure-dimethylamine (250 mg, 0.75 equiv.) was added and the mixture stirred at
25 ◦C for 15 minutes. The amine (1 mmol) was added, with rapid formation of a crystalline
precipitate. The mixture was stirred at 25 ◦C for 1 hour, and then water (1 mL) was added.
The amine resin was removed by filtration, and then the solvents were removed to afford
the product as a colourless crystalline solid.
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4-((4-Bromophenyl)sulfonyl)morpholine (125a)
3
2
Br
S N
O
6
5
O O
Prepared according to General Procedure A above, and collected as the hydrochloride salt
(357 mg, quant.). Free base m.p. 150.2 – 150.5 ◦C (dimethoxyethane / water).
1H NMR (400 MHz, CDCl3): δ /ppm = 9.97 (br. s, NH+), 7.69 (d, J = 8.7, 2 H, H-2 or
H-3), 7.62 (d, J = 8.7, 2 H, H-2 or H-3), 3.78 – 3.70 (m, 4 H, H-6), 3.04 – 2.96 (m, 4 H,
H-5). 13C NMR (100 MHz, CDCl3): δ /ppm = 134.40 (C-1 or C-4), 132.61 (CH, C-2 or
C-3), 129.43 (CH, C-3 or C-3), 128.36 (C-1 or C-4), 66.18 (CH2, C-6), 46.07 (CH2, C-5).
IR (neat): ν /cm−1 = 2971 (w), 2920 (w), 2904 (w), 2867 (w), 2761 (w), 2720 (w), 2161
(w), 1574 (w), 1466 (w), 1453 (m), 1431 (w), 1390 (w), 1347 (s), 1332 (m), 1299 (w), 1276
(w), 1261 (m), 1228 (w), 1216 (w), 1188 (w), 1179 (w), 1161 (s), 1123 (m), 1108 (s), 1093
(s), 1069 (s), 1049 (w), 1021 (w), 1009 (m), 970 (w), 942 (s), 925 (m), 911 (w), 872 (w),
849 (m), 826 (s), 753 (s), 715 (m). LC-MS: tR = 4.52 min, m/z 307.94 ([M + H]+). HRMS:
m/z calc. for [C10H13NO3S
79Br]+ ([M + H]+) 305.9800, found 305.9801, ∆ = 0.3 ppm.
4-((3-Bromophenyl)sulfonyl)morpholine (122a)
4
5
13
S N
O
8
7
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O O
Prepared according to General Procedure A above, and collected as the hydrochloride salt
(338 mg, quant.). Free base m.p. 151.3 – 151.5 ◦C (CPME).
1H NMR (400 MHz, CDCl3): δ /ppm = 7.89 (t, J = 1.5 Hz, 1 H, H-1), 7.75 (dt, J = 7.9 Hz
and 1.5 Hz, 1 H, H-3), 7.68 (dt, J = 7.9 Hz and 1.5 Hz, 1 H, H-5), 7.43 (t, J = 7.9 Hz, 1 H,
H-4), 3.78 – 3.71 (m, 4 H, H-8), 3.06 – 2.98 (m, 4 H, H-7). 13C NMR (100 MHz, CDCl3):
δ /ppm = 137.18 (C-2 or C-6), 136.10 (CH, C-3), 130.64 (CH, C-1 or C-4), 130.56 (CH,
C-1 or C-4), 126.30 (CH, C-5), 123.27 (C-2 or C-6), 66.02 (CH2, C-8), 45.95 (CH2, C-7).
2868 (w), 2860 (w), 2161 (w), 1979 (w), 1574 (w), 1467 (w), 1453 (m), 1390 (w), 1363
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(w), 1347 (s), 1332 (m), 1299 (w), 1276(w), 1261 (m), 1217 (w), 1188 (w), 1178 (w), 1161
(s), 1123 (w), 1108 (s), 1093 (s), 1069 (s), 1021 (w), 1009 (m), 970 (w), 942 (s), 925 (m),
849 (m), 826 (s), 753 (s), 716 (m), 708 (m). LC-MS: tR = 4.48 min, m/z 307.88 ([M +
H]+). HRMS: m/z calc. for [C10H13NO3S
79Br]+ ([M + H]+) 305.9800, found 305.9814,
∆ = 4.6 ppm.
2-((4-Bromophenyl)sulfonyl)-1,2,3,4-tetrahydroisoquinoline (125b)
3
2
Br
S N
5
6
13 11
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O O
Prepared according to General Procedure A above, and collected as the hydrochloride salt
after recrystallisation from ethanol (176 mg, 0.453 mmol, 45 %). Free base, m.p. 153.2 –
154.4 ◦C (ethanol).
1H NMR (400 MHz, CDCl3): δ /ppm = 7.70 (d, J = 8.7 Hz, 1 H, H-2 or H-3), 7.66 (d, J =
8.7 Hz, 1 H, H-2 or H-3), 7.20 – 6.99 (m, 4 H, H-8 to H-11), 4.28 (s, 1 H, H-13), 3.39 (t, J =
6.0 Hz, 1 H, H-5), 2.93 (t, J = 6.0 Hz, 1 H, H-6). 13C NMR (100 MHz, CDCl3): δ /ppm =
135.82 (C-4), 133.04 (C-7), 132.53 (CH, C-2), 131.43 (C-12), 129.26 (CH, C-3), 128.99
(CH, C-8), 128.03 (C-1), 127.03 (CH, C-10), 126.60 (CH, C-11), 126.45 (CH, C-9), 47.60
(CH2, C-13), 43.83 (CH2, C-5), 28.89 (CH2, C-6). IR (neat): ν /cm−1 = 2160 (w), 1576
(w), 1498 (w), 1467 (w), 1428 (w), 1393 (w), 1356 (w), 1334 (m), 1272 (w), 1244 (w), 1162
(m), 1134 (w), 1121 (w), 1090 (m), 1068 (m), 1023 (m), 1009 (m), 954 (m), 921 (m), 838
(w), 822 (m), 771 (m), 743 (s), 706 (m). HRMS: m/z calc. for [C15H14O2N
79Br23Na32S]+
([M + Na]+) 373.9821, found 373.9803, ∆ = −4.8 ppm.
4-((4-(4,4,5,5-Tetramethyl-1,3,2-dioxaborolan-2-yl)phenyl)sulfonyl)
morpholine (126a)
3
2
B
S N
5
6
O
O
O
2'
O O
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4-Bromobenzenesulfonyl chloride (256 mg, 1 mmol) was dissolved in n-butanol (4 mL) and
heated to 50 ◦C. Morpholine (0.2 mL, 2 mmol) was added, and the mixture allowed to cool
to room temperature. A precipitate formed upon cooling.
Bis(pinacolato)diboron (279 mg, 1.1 mmol, 1.1 equiv.), KOAc (294 mg, 3 mmol, 3 equiv.),
Pd2(dba)3 (21 mg, 20 µmol, 0.02 equiv.) and X-Phos (19 mg, 40 µmol, 0.04 equiv.) were
added. The resulting mixture was degassed by sparging with N2 (1 bar) for 15 minutes,
and then heated at 150 ◦C for 1 hour in a sealed vial under microwave irradiation, and then
allowed to cool to room temperature.
The solvent was removed and the solid product recrystallised from ethanol to afford the title
compound (43 mg, 0.12 mmol, 12 %) as a colourless crystalline solid, m.p. 170.1 – 170.4 ◦C
(ethanol).
1H NMR (400 MHz, CDCl3): δ /ppm = 7.97 (d, J = 7.87 Hz, 2 H, H-2), 7.73 (d, J =
7.87 Hz, 2 H, H-3), 3.76 – 3.69 (m, 4 H, H-6), 3.03 – 2.95 (m, 4 H, H-5), 1.36 (s, 12 H,
H-2′). 13C NMR (100 MHz, CDCl3): δ /ppm = 137.41 (C-4), 135.46 (CH, C-2), 126.91
(CH, C-3), 84.63 (C-2′), 66.22 (CH2, C-6), 46.12 (CH2, C-5), 25.02 (CH3, C-2′), (C-1
was not observed). IR (neat): ν /cm−1 = 2161 (w), 1449 (w), 1392 (m), 1352 (s), 1295
(w), 1260 (m), 1212 (w), 1168 (s), 1138 (m), 1115 (s), 1101 (m), 1079 (s), 1018 (m), 964
(w), 940 (s), 852 (m), 822 (w), 745 (s), 732 (s), 703 (m), 670 (m). LC-MS: tR = 4.89 min,
m/z 354.00 ([M + H]+). HRMS: m/z calc. for C16H25
11BNO5
32S]+ ([M + H]+) 354.1547,
found 354.1546, ∆ = −0.3 ppm. Microanalysis: calc. (found) for C16H24BNO5S C 54.54%
(54.39%), H 6.85% (6.81%), N 3.97% (4.11%).
2-((4-(4,4,5,5-Tetramethyl-1,3,2-dioxaborolan-2-yl)phenyl)sulfonyl)-
1,2,3,4-tetrahydroisoquinoline (126b)
3
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Compound 125c (105 mg, 0.3 mmol) was combined with bis(pinacolato)diboron (114 mg,
0.45 mmol, 1.5 equiv.), KOAc (88 mg, 0.9 mmol, 3 equiv.), Pd2(dba)3 (6 mg, 6 µmol, 0.02
equiv.) and X-Phos (6 mg, 12 µmol, 0.04 equiv.). CPME (12 mL) was added and the
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resulting mixture degassed by sparging with N2 (1 bar) for 15 minutes, and then heated at
110 ◦C for 1 hour in a sealed vial under microwave irradiation. The title compound was
obtained as a colourless crystalline solid (98 mg, 244 mmol, 49 %) after recrystallisation
from hot ethanol, m.p. 168.5 – 169.7 ◦C (ethanol).
1H NMR (400 MHz, CDCl3): δ /ppm = 7.95 (d, J = 8.0 Hz, 2 H, H-2 or H-3), 7.82 (d,
J = 8.0 Hz, 2 H, H-2 or H-3), 7.19 – 6.97 (m, 4 H, H-8 to H-11), 4.25 (s, 2 H, H-13),
3.36 (t, J = 5.9 Hz, 2 H, H-5), 2.93 (q, J = 5.9 Hz, 2 H, H-6), 1.35 (s, 12 H, H-2′). 13C
NMR (100 MHz, CDCl3): δ /ppm = 138.66 (C-4), 135.46 (CH, C-2), 133.17 (C-7), 131.67
(C-12), 128.95 (CH, C-8), 126.89 (CH, C-10), 0 126.77 (CH, C-3), 126.51 (CH, C-11),
126.47 (CH, C-9), 84.59 (C-1′), 47.63 (CH2, C-13), 43.87 (CH2, C-5), 29.03 (CH2, C-6),
25.02 (CH3, C-2
′), (C-1 was not observed). IR (neat): ν /cm−1 = 1391 (w), 1353 (s), 1335
(s), 1270 (w), 1165 (s), 1144 (m), 1121 (w), 1096 (m), 1077 (m), 1069 (m), 1024 (w),
1017 (w), 953 (m), 922 (m), 856 (w), 839 (w), 823 (w), 814 (w), 766 (m), 733 (s), 714
(w), 671 (w), 656 (s). LC-MS: tR = 5.42 min, m/z 400.01 ([M + H]+). HRMS: m/z calc.
for [C21H26O4N
11B23Na32S]+ ([M + Na]+) 422.1568, found 422.1555, ∆ = −2.97 ppm.
Microanalysis: calc. (found) for C21H25O4NBS C 63.17% (63.24%), H 6.56% (6.38%), N
3.51% (3.80%).
General Procedure B for one-pot synthesis of target molecules
The sulfonyl chloride (256 mg, 1 mmol) was dissolved in n-butanol (8 mL). QuadraPure-
dimethylamine (250 mg, 0.75 equiv.) was added and the mixture stirred at 25 ◦C for 15
minutes. The amine (1 mmol) was added, with rapid formation of a crystalline precipitate.
The mixture was stirred at 25 ◦C for 1 hour, and then water (1 mL) was added. The amine
resin was removed by filtration, and then the solvents were removed to afford a solid
product.
The solid (generally approx. 0.75 mmol) was combined with bis(pinacolato)diboron (286 mg,
1.13 mmol, 1.5 equiv.), KOAc (221 mg, 2.25 mmol, 3 equiv.), Pd2(dba)3 (16 mg, 15 µmol,
0.02 equiv.) and X-Phos (14 mg, 30 µmol, 0.04 equiv.). CPME (12 mL) was added and the
resulting mixture degassed by sparging with N2 (1 bar) for 15 minutes, and then heated at
110 ◦C for 1 hour in a sealed vial under microwave irradiation, and then allowed to cool to
room temperature.
The solvents were removed under reduced pressure and then the reaction mixture was redis-
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solved in n-butanol / water (9 : 1 v/v, 10 mL). Triazolopyridazine 129 (76 mg, 0.46 mmol,
0.9 equiv.) and K3PO4 (386 mg, 1.8 mmol, 3.6 equiv.) were added and the resulting mixture
degassed by sparging with N2 (1 bar) for 15 minutes, and then heated at 100
◦C for 2 hours
in a sealed vial under microwave irradiation.
The reaction mixture was allowed to cool to room temperature, concentrated, loaded onto
KP-NH silica, and then purified by column chromatography using KP-NH silica, using a
gradient of ethyl acetate / methanol (9 : 1 v/v) and n-hexane: 0 : 1 for 4 CV, then 0 : 1 to 2 : 3
over 40 CV.
4-((4-(3-Methyl-[1,2,4]triazolo[4,3-b]pyridazin-6-yl)phenyl)sulfonyl)
morpholine (128a)
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Obtained using General Procedure B above. Purification by column chromatography
afforded the title compound (7 mg, 0.019 mmol, 2 % over 3 steps) as a white solid.
1H NMR (500 MHz, CDCl3): δ /ppm = 8.22 (d, J = 9.7 Hz, 1 H, H-4), 8.18 (d, J = 8.3 Hz,
2 H, H-8), 7.94 (d, J = 8.3 Hz, 2 H, H-9), 7.56 (d, J = 9.7 Hz, 1 H, H-5), 3.80 – 3.74 (m,
4 H, H-12), 3.12 – 3.03 (m, 4 H, H-11), 2.90 (s, 3 H, H-1). 13C NMR (126 MHz, CDCl3):
δ /ppm = 151.84 (C-6), 147.84 (C-2), 143.34 (C-3), 138.98 (C-10), 137.55 (C-7), 128.77
(CH, C-8), 128.17 (CH, C-9), 125.82 (CH, C-4), 118.41 (CH, C-5), 66.23 (CH2, C-12),
46.12 (CH2, C-11), 10.01 (CH3, C-1). IR (neat): ν /cm−1 = 2860 (w), 2160 (w), 2024 (w),
1551 (w), 1524 (w), 1454 (w), 1392 (w), 1346 (m), 1329 (m), 1309 (m), 1260 (m), 1166
(s), 1128 (m), 1113 (s), 1071 (m), 1042 (w), 1014 (w), 990 (w), 946 (s), 848 (m), 827 (m),
763 (s), 738 (s), 710 (m). LC-MS: tR = 4.18 min, m/z 360.02 ([M + H]+). HRMS: m/z calc.
for [C16H18N5O3
32S]+ ([M + H]+) 360.1130, found 360.1135, ∆ = 1.4 ppm.
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2-((4-(3-Methyl-[1,2,4]triazolo[4,3-b]pyridazin-6-yl)phenyl)sulfonyl)-
1,2,3,4-tetrahydroisoquinoline (128b)
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Obtained using General Procedure B above. Purification by column chromatography and
subsequent recrystallisation from chloroform / ethanol afforded the title compound (7 mg,
0.017 mmol, 2 % over 3 steps) as a white solid, m.p. 232.3 – 233.4 ◦C (decomp.).
1H NMR (400 MHz, CDCl3): δ /ppm = 8.20 (d, J = 9.7 Hz, 1 H, H-4), 8.15 (d, J = 8.3 Hz,
2 H, H-8), 8.02 (d, J = 8.3 Hz, 2 H, H-9), 7.55 (d, J = 9.7 Hz, 1 H, H-5), 7.21 – 7.02 (m, 4 H,
H-14 to H-17), 4.35 (s, 2 H, H-19), 3.46 (t, J = 5.9 Hz, 2 H, H-11), 2.95 (t, J = 5.9 Hz, 2 H,
H-12), 2.89 (s, 3 H, H-1). 13C NMR (100 MHz, CDCl3): δ /ppm = 151.91 (C-6), 147.81
(C-2), 139.05 (C-10), 138.68 (C-7), 133.05 (C-13), 131.39 (C-18), 129.03 (CH, C-14),
128.56 (CH, C-8), 128.11 (CH, C-9), 127.09 (CH, C-16), 126.65 (CH, C-17), 126.44 (CH,
C-15), 125.73 (CH, C-4), 118.45 (CH, C-5), 115.63 (C-3), 47.62 (CH2, C-19), 43.89 (CH2,
C-11), 28.95 (CH2, C-12), 10.00 (CH3, C-1). IR (neat): ν /cm−1 = 2160 (w), 2035 (w),
1968 (w), 1524 (w), 1388 (w), 1339 (m), 1308 (w), 1274 (w), 1164 (m), 1131 (w), 1117
(w), 1106 (w), 1092 (w), 1073 (w), 1048 (w), 1025 (w), 998 (w), 956 (w), 919 (m), 857
(w), 841 (w), 820 (m), 769 (m), 746 (s), 724 (w), 707 (w), 672 (w). LC-MS: tR = 4.69 min,
m/z 405.98 ([M + H]+). HRMS: m/z calc. for [C21H20N5O2
32S]+ ([M + H]+) 406.1338,
found 406.1349, ∆ = 2.7 ppm.
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6-(4-((2-Ethylpiperidin-1-yl)sulfonyl)phenyl)-3-methyl-[1,2,4]triazolo
[4,3-b]pyridazine (128c)
8
9
5
4
N N
N
N
1
S N
14
13
12
11
17
O O
Obtained using General Procedure B above. Purification by column chromatography
afforded the title compound (16 mg, 0.042 mmol, 4 % over 3 steps) as a white solid, m.p.
179.4 – 179.8 ◦C (ethyl acetate / hexane / methanol).
1H NMR (400 MHz, CDCl3): δ /ppm = 8.19 (d, J = 9.7 Hz, 1 H, H-4), 8.13 (d, J = 8.5 Hz,
2 H, H-8), 8.02 (d, J = 8.5 Hz, 2 H, H-9), 7.57 (d, J = 9.7 Hz, 1 H, H-5), 4.00 (q, J = 6.8 Hz,
1 H, H-15), 3.83 (dd, J = 14.0 Hz and 4.6 Hz, 1 H, H-11), 3.04 (td, J = 14.0 Hz and 2.7 Hz,
1 H, H-11), 2.91 (s, 3 H, H-1), 1.73 – 1.47 (m, 7 H, H-12, H-13, H-14 and H-16), 1.38 – 1.13
(m, 1 H, H-12), 0.90 (t, J = 7.5 Hz, 3 H, H-17). 13C NMR (100 MHz, CDCl3): δ /ppm =
151.95 (C-6), 147.76 (C-2), 144.39 (C-3), 143.37 (C-10), 137.84 (C-7), 127.97 (CH, C-8 or
C-9), 127.81 (CH, C-8 or C-9), 125.57 (CH, C-4), 118.47 (CH, C-5), 54.98 (CH, C-15),
40.93 (CH2, C-11), 27.31 (CH2, C-14), 24.76 (CH2, C-12, C-13 or C-16), 22.65 (CH2,
C-12, C-13 or C-16), 18.47 (CH2, C-12, C-13 or C-16), 11.15 (CH3, C-17), 10.00 (CH3,
C-1). IR (neat): ν /cm−1 = 3123 (w), 3068 (w), 2941 (w), 2871 (w), 2527 (w), 2418 (w),
2179 (w), 2164 (w), 2144 (w), 2033 (w), 2019 (w), 1962 (w), 1609 (w), 1552 (w), 1527
(w), 1493 (w), 1468 (w), 1397 (m), 1374 (m), 1360 (w), 1330 (s), 1311 (m), 1291 (m),
1270 (w), 1218 (w), 1194 (w), 1162 (s), 1152 (s), 1092 (m), 1071 (w), 1058 (m), 1038 (m),
1012 (m), 993 (m), 950 (s), 917 (m), 904 (m), 865 (m), 851 (w), 837 (m), 818 (s), 775
(m), 760 (m), 734 (s), 686 (m). LC-MS: tR = 4.69 min, m/z 386.02 ([M + H]+). HRMS:
m/z calc. for [C19H24N5O2
32S]+ ([M + H]+) 386.1651, found 386.1649, ∆ = −0.5 ppm.
Microanalysis: calc. (found) for C19H23N5O2S C 59.20% (59.16%), H 6.01% (5.88%), N
18.17% (17.75%).
224 Experimental
6-(4-((4-Ethylpiperazin-1-yl)sulfonyl)phenyl)-3-methyl-[1,2,4]triazolo
[4,3-b]pyridazine (128d)
8
9
5
4
N
N
N
N
1
S N
11
12
N 13
14
O O
Obtained using General Procedure B above. Purification by column chromatography and
subsequent recrystallisation from ethanol afforded the title compound (11 mg, 0.028 mmol,
3 % over 3 steps) as a white solid.
1H NMR (500 MHz, CDCl3): δ /ppm = 8.21 (d, J = 9.7 Hz, 1 H, H-4), 8.14 (d, J = 8.3 Hz,
2 H, H-8), 7.93 (d, J = 8.3 Hz, 2 H, H-9), 7.54 (d, J = 9.7 Hz, 1 H, H-5), 3.17 – 3.03 (m, 4 H,
H-11), 2.90 (s, 3 H, H-1), 2.59 – 2.50 (m, 4 H, H-12), 2.41 (q, J = 7.2 Hz, 2 H, H-13), 1.03
(t, J = 7.2 Hz, 3 H, H-14). 13C NMR (126 MHz, CDCl3): δ /ppm = 151.93 (C-6), 147.84
(C-2), 143.35 (C-3), 138.78 (C-10), 137.57 (C-7), 128.79 (CH, C-8 or C-9), 128.04 (CH,
C-8 or C-9), 125.78 (CH, C-4), 118.44 (CH, C-5), 52.03 (CH2, C-13), 51.91 (CH2, C-12),
46.25 (CH2, C-11), 12.06 (CH3, C-14), 10.01 (CH3, C-1). IR (neat): ν /cm−1 = 1547 (w),
1521 (w), 1454 (w), 1388 (w), 1330 (m), 1307 (m), 1262 (w), 1168 (s), 1152 (s), 1101
(m), 1065 (w), 951 (s), 926 (m), 820 (m), 761 (m), 740 (s). LC-MS: tR = 3.52 min, m/z
387.03 ([M + H]+). HRMS: m/z calc. for [C18H23N6O2
32S]+ ([M + H]+) 387.1603, found
387.1594, ∆ = −2.3 ppm.
Experimental 225
6-(3-((2-Ethylpiperidin-1-yl)sulfonyl)phenyl)-3-methyl-[1,2,4]triazolo
[4,3-b]pyridazine (132a)
8
9
10
12
5
4 N
N
NN
1
S N 16
15
14
19
O O
Obtained using General Procedure B above. Purification by column chromatography using
KP-NH silica afforded the title compound (43 mg, 0.122 mmol, 12 % over 3 steps) as a
white solid, m.p. 160.9 – 161.3 ◦C (ethyl acetate / hexane / methanol).
1H NMR (400 MHz, CDCl3): δ /ppm = 8.44 (s, 1 H, H-12), 8.29 – 8.10 (m, 2 H, H-4 and
H-8), 8.00 (d, J = 7.7 Hz, 1 H, H-10), 7.68 (t, J = 7.7 Hz, 1 H, H-9), 7.57 (d, J = 9.7 Hz, 1 H,
H-5), 3.99 (q, J = 7.1 Hz, 1 H, H-17), 3.79 (dd, J = 14.0 Hz and 4.2 Hz, 1 H, H-13), 3.03
(td, J = 14.0 Hz and 2.5 Hz, 1 H, H-13), 2.87 (s, 3 H, H-1), 1.78 – 1.14 (m, 8 H, H-14, H-15,
H-16 and H-18), 0.88 (t, J = 7.4 Hz, 3 H, H-19). 13C NMR (100 MHz, CDCl3): δ /ppm =
223.24 (C-6), 152.04 (C-2), 143.52 (C-3), 135.59 (C-11), 130.68 (CH, CAr), 130.11 (CH,
CAr), 129.03 (CH, CAr), 125.71 (CH, CAr), 125.62 (CH, C-4), 118.43 (CH, C-5), 115.59
(C-7), 54.95 (CH, C-17), 40.89 (CH2, C-13), 27.33 (CH2, C-16), 24.73 (CH2, C-14, C-15
or C-18), 22.63 (CH2, C-14, C-15 or C-18), 18.46 (CH2, C-14, C-15 or C-18), 11.15 (CH3,
C-19), 9.97 (CH3, C-1). IR (neat): ν /cm−1 = 2933 (w), 2166 (w), 1980 (w), 1546 (w),
1522 (w), 1472 (w), 1389 (m), 1332 (s), 1315 (s), 1195 (w), 1154 (s), 1104 (m), 1036
(m), 994 (m), 947 (s), 913 (m), 838 (m), 804 (s), 761 (m), 737 (s), 689 (s). LC-MS: tR =
4.68 min, m/z 386.02 ([M + H]+). HRMS: m/z calc. for [C19H24N5O2
32S]+ ([M + H]+)
386.1651, found 386.1641, ∆ = −2.6 ppm. Microanalysis: calc. (found) for C19H23N5O2S
C 59.20% (59.39%), H 6.01% (5.97%), N 18.17% (18.01%).
226 Experimental
2-((3-(3-Methyl-[1,2,4]triazolo[4,3-b]pyridazin-6-yl)phenyl)sulfonyl)-
1,2,3,4-tetrahydroisoquinoline (132b)
9
10
128
5
4 N
N
NN
1
S N
21
14 16
17
18
19O O
Obtained using General Procedure B above. Purification by column chromatography and
subsequent recrystallisation from ethyl acetate / hexane afforded the title compound (15 mg,
0.037 mmol, 4 % over 3 steps) as a white solid, m.p. 222.9 – 224.5 ◦C (ethyl acetate /
hexane).
1H NMR (500 MHz, CDCl3): δ /ppm = 8.40 (dd, J = 1.9 Hz and 1.6 Hz, 1 H, H-12), 8.22
(ddd, J = 7.8, 1.9 Hz and 1.1 Hz, 1 H, H-8), 8.19 (d, J = 9.7 Hz, 1 H, H-4), 8.01 (ddd, J =
7.8, 1.6 Hz and 1.1 Hz, 1 H, H-10), 7.73 (t, J = 7.8 Hz, 1 H, H-9), 7.51 (d, J = 9.7 Hz, 1 H,
H-5), 7.16 – 7.12 (m, 2 H, HAr), 7.10 – 7.01 (m, 2 H, HAr), 4.38 (s, 2 H, H-21), 3.49 (t, J =
5.9 Hz, 2 H, H-13), 2.93 (t, J = 6.0 Hz, 2 H, H-14), 2.89 (s, 3 H, H-1). 13C NMR (126 MHz,
CDCl3): δ /ppm = 151.76 (C-6), 147.65 (C-2), 143.22 (C-3), 138.42 (C-7 or C-11), 135.71
(C-7 or C-11), 132.90 (C-15), 131.31 (CH, CAr), 131.24 (C-20), 130.13 (CH, CAr), 129.52
(CH, CAr), 128.91 (CH, C-14), 126.98 (CH, C-18), 126.51 (CH, C-19), 126.28 (CH, C-17),
126.20 (CH, CAr), 125.60 (CH, C-4), 118.27 (CH, C-5), 47.51 (CH2, C-21), 43.70 (CH2,
C-13), 28.61 (CH2, C-14), 9.88 (CH3, C-1). IR (neat): ν /cm−1 = 3062 (w), 2161 (w),
1553 (w), 1524 (w), 1465 (w), 1397 (w), 1373 (w), 1356 (m), 1335 (s), 1271 (w), 1164 (s),
1122 (m), 1091 (m), 1073 (m), 1020 (m), 995 (w), 957 (m), 926 (m), 835 (m), 796 (m),
759 (s), 742 (s), 723 (s), 686 (s), 675 (m), 658 (m). LC-MS: tR = 4.66 min, m/z 406.00 ([M
+ H]+). HRMS: m/z calc. for [C21H20N5O2
32S]+ ([M + H]+) 406.1338, found 406.1339,
∆ = 0.2 ppm.
Experimental 227
3-Methyl-6-(3-(piperidin-1-ylsulfonyl)phenyl)-[1,2,4]triazolo[4,3-b]
pyridazine (132c)
4
5 N
N
NN
1
8
9
10
12
S N
O O
15
14
Obtained using General Procedure B above. Purification by column chromatography
afforded the title compound (3.5 mg, 0.01 mmol, 1 % over 3 steps) as a white solid.
1H NMR (500 MHz, CDCl3): δ /ppm = 8.34 (dd, J = 1.8 Hz and 0.6 Hz, 1 H, H-12), 8.24
(ddd, J = 7.8 Hz, 1.8 Hz and 1.1 Hz, 1 H, H-4), 8.20 (d, J = 9.7 Hz, 1 H, H8 or H-10), 7.93
(ddd, J = 7.8 Hz, 1.8 Hz and 1.1 Hz, 1 H, H-5), 7.74 (td, J = 7.8 Hz and 0.6 Hz, 1 H, H-9),
7.57 (d, J = 9.7 Hz, 1 H, H8 or H-10), 3.13 – 3.03 (m, 4 H, H-13), 2.90 (s, 3 H, H-1),
1.73 – 1.63 (m, 4 H, H-14), 1.52 – 1.38 (m, 2 H, H-15). 13C NMR (126 MHz, CDCl3):
δ /ppm = 151.88 (C-6), 147.64 (C-2), 143.23 (C-3), 138.04 (C-7 or C-11), 135.57 (C-7 or
C-11), 131.07 (CH, CAr), 130.00 (CH, CAr), 129.59 (CH, CAr), 126.23 (CH, CAr), 125.60
(CH, C-4), 118.29 (CH, C-5), 46.96 (CH2, C-13), 25.15 (CH2, C-14), 23.45 (CH2, C-15),
9.88 (CH3, C-1). LC-MS: tR = 4.49 min, m/z 358.04 ([M + H]
+). HRMS: m/z calc. for
[C17H20N5O2
32S]+ ([M + H]+) 358.1338, found 358.1352, ∆ = −3.9 ppm.
228 Experimental
Frontal Affinity Chromatography
Pierce Streptavidin Ultralink resin (P/N PL-53113) was obtained from Fisher Scientific.
Biotinylated BRD9 and CECR2 were kindly provided by the Structural Genomics Con-
sortium, University of Oxford. Upchurch 1 mm×20 mm 15 µL microbore HPLC guard
column (P/N C-128) was obtained from Kinesis Ltd.
Preparation of Immobilised Enzymes
The proteins were supplied in individual vials each containing 10 µL of 0.5 mg/mL protein
suspension in aqueous buffer. The contents of 16 vials were combined, and an additional
16×10 µL was used to rinse the vials. A suspension of streptavidin-functionalised acry-
lamide resin (60 µL) was added, and the mixture shaken at 4 ◦C for 1 hour. The mixture
was then loaded into a 15 µL column using a syringe, with occasional packing using the
HPLC pump.
FAC-UV / FAC-MS experiments
FAC assays were run on a modified Agilent 1100 HPLC system with a 100 µL injection
syringe, a 600 µL storage loop and 100 mM ammonium acetate (when the MS was in use),
or 100 mM phosphate-buffered saline (PBS) solution (for UV-only experiments) was used
as the eluent. Two wavelengths were monitored simultaneously: 220 nm (DMSO) and
254 nm (analyte) using a UV Diode Array Detector.
The output from the HPLC was combined with a stream of 0.1 % formic acid in methanol
(200 µL/min) and directed into an Expression CMS mass spectrometer (Advion). The CMS
was used in positive ESI mode, with selective ion monitoring (SIM, span 1 AMU, dwell
time 500 ms).
Stock solutions of compounds were prepared at a concentration of 50 mM in DMSO and
stored at −20 ◦C. The HPLC system was set to inject 600 µL of 4 µM analyte at 30 µL/min
for 120 minutes.
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